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THE UNITED STATES PATENT AND TRADEMARK OFFICE = 
BEFORE THE BOARD OF APPEALS 

APPELLANT'S AMENDED BRIEF PURSUANT TO CONSOLIDATED 

PATENT RULES §41.37 

Honorable Commissioner of Patents 
P.O.Box 1450 

Alexandria, VA 22313-1450 

In accordance with Consolidated Patent Rules 41 .37 and in 
accordance with the requirement dated December 28, 2005 Appellant hereby 
submits its AMENDED BRIEF on Appeal. The fee required for filing the 
original Brief on Appeal has been paid. In the event a fee is required for the 
filing of the present Amended Brief on Appeal, the Commissioner is 
authorized to charge the undersigned attorney's deposit account No. 502362. 

AMENDMENT of the previously timely filed Brief on Appeal was 
required by the Board's ORDER RETURNING UNDOCKETED APPEAL 
TO EXAMINER dated December 5, 2005 occasioned by the fact that the 
original Brief on Appeal filed on November 12, 2004 did not include an 
Evidence Appendix or a Related Proceeding Appendix as required by § 
4 1 .3 7(c)( 1 )(ix) and §41.3 7(c)( 1 )(x), respectively. The present amended 
brief includes such appendices. 

Except for the above-noted additional appendices and a modification 
of the identification of the real party in interest, there are no other 
substantive changes in the brief. 
Real Party in Interest [§ 4l.37(c)(l)(i)] 
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The real parties in interest are: 

Allergan Inc. 2525 Dupont Drive, Irvine California 92612 by virtue 
of assignment recorded on Reel/Frame 013898/0170 in the United States 
Patent and Trademark Office, Georgetown University of Washington D.C. 
by virtue of assignment by employee inventors, and 
Concurrent Pharmaceuticals Inc. 502 West Office Center Drive Fort 
Washington Pennsylvania 19034 by virtue of license from assignee(s). 
Related Appeals and Interferences [§ 41.37(c)(1)(H)] 

There are no related appeals nor interferences. 

Status of Claims [§ 4l.37(c)(l)(iii)] 

Claims 13 through 28 are pending and on appeal. Claims 29 and 30 
were canceled in a preliminary amendment dated July 30, 2001 . The subject 
matter of Claims 29 and 30 was patented in United States Patent No. 
6,303,648, issued on October 16, 2001. 

Claims 1 - 12 of the application were canceled during prosecution, in 
an amendment dated August 16, 2002. 
Status of Amendments [§ 4l.37(c)(l)(iv)] 

No amendment was filed after the final rejection of Claims 13 through 
28, dated February 17, 2004. All amendments filed before the final rejection 
have been entered and comprise the record on this appeal. 
Summary of Claimed Subject Matter [§ 41.37(c)(1) (v)] 

The claimed subject matter of independent Claim 13 is a method of 
treatment or prevention of alveolar destruction (a form of lung disease) of a 
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mammal by administering to the mammal a therapeutically effective amount 
of a compound which is an antagonist of retinoid receptors of the RAR 
P type, does not modulate RXR receptors and not specific to at least one 
other RAR receptor subtype (namely not specific to at least one of the RAR 
a and RAR y subtypes, (see page 4 line 26 through page 5 line 24; page 
1 1 lines 1 - 6.) 

Dependent Claims 14 through 20 are more specific, and have 
additional inventive features (limitations) as follows: 

In Claim 14 the RAR (3 antagonist is defined as not specific to RAR 
a receptors, (page 5, lines 2-6; page 9 line 26 through page 10 line 6; 
page 11 lines 7-18). 

In Claim 15 the RAR P antagonist is defined as not specific to RAR 
Y receptors, (page 5, lines 6-10; page 9 line 26 through page 10 line 6; 
page 11 lines 7 - 18). 

In Claim 16 the RAR P antagonist is defined as not specific to either 
RAR a or to RAR y receptors, (page 5, lines 10-14; page 9 line 26 
through page 10 line 6; page 1 1 lines 7-18). 

In Claim 17 the RAR P antagonist is administered in the form of an 
inhalant, (page 12, lines 9-15; page 9 line 26 through page 10 line 6; page 
11 lines 7- 18). 

In Claim 1 8 the inhalant contains RAR P antagonist which is not 
specific to RAR a receptors, (page 24, originally filed Claim 1 8; page 9 
line 26 through page 10 line 6; page 1 1 lines 7-18). 
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In Claim 19 the inhalant contains RAR p antagonist which is not 
specific to RAR y receptors, (page 24, originally filed Claim 19; page 9 
line 26 through page 10 line 6; page 1 1 lines 7-18). 

In Claim 20 the inhalant contains RAR p antagonist which is not 
specific to either RAR a or to RAR y receptors, (page 24, originally filed 
Claim 20; page 9 line 26 through page 10 line 6; page 1 1 lines 7-18). 

The claimed subject matter of independent Claim 21 is a method of 
increasing the gas-exhange surface area of a mammalian lung by 
administering to the mammal a therapeutically effective amount of a 
compound which is an antagonist of retinoid receptors of the RAR P type 
and has specific RAR modulating activity, (see page 4, lines 26 through 
page 5 line 2; page 5 line 17-24; page 17 line 22 through page 21 line 6; 
page 24 originally filed Claim 21). 

Dependent Claims 22 through 28 are more specific, and have 
additional inventive features (limitations) as follows: 

In Claim 22 the RAR P antagonist is defined as not specific to RAR 
a receptors, (page 5, lines 2-6; page 9 line 26 through page 10 line 6; 
page 11 lines 7-18). 

In Claim 23 the RAR p antagonist is defined as not specific to RAR 
Y receptors, (page 5, lines 6-10; page 9 line 26 through page 10 line 6; 
page 11 lines 7-18). 
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In Claim 24 the RAR p antagonist is defined as not specific to either 
RAR a or to RAR y receptors, (page 5, lines 10-14; page 9 line 26 
through page 10 line 6; page 1 1 lines 7-18). 

In Claim 25 the RAR p antagonist is administered in the form of an 
inhalant, (page 12, lines 9 - 15; page 9 line 26 through page 10 line 6). 

In Claim 26 the inhalant contains RAR p antagonist which is not 
specific to RAR a receptors, (page 25, originally filed Claim 26; page 9 
line 26 through page 10 line 6; page 1 1 lines 7-18). 

In Claim 27 the inhalant contains RAR p antagonist which is not 
specific to RAR y receptors, (page 25, originally filed Claim 27; page 9 
line 26 through page 10 line 6; page 1 1 lines 7-18). 

In Claim 28 the inhalant contains RAR p antagonist which is not 
specific to either RAR a or to RAR y receptors, (page 25, originally filed 
Claim 20; page 9 line 26 through page 10 line 6; page 1 1 lines 7-18). 

Grounds of Rejection to be Reviewed on Appeal [§ 41.37(c)(1) 

(vi)] 

First ground: The Examiner rejected all pending claims pursuant to 
35 U.S.C. § 1 12, first paragraph. In this rejection the Examiner did not 
make any distinction among the pending claims. On pages 2 -6 of the final 
Office Action of February 17, 2004 the Examiner discussed an alleged 
"failure to comply with the written description requirement" (page 2 second 
numbered paragraph of the final Office Action) and thereafter separately an 
alleged failure to provide a "specification in such a way as to enable one 
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skilled in the art to which it pertains, or with which it is most nearly 
connected, to make and use the invention", (page 3 third numbered 
paragraph of the final office Action). Applicant is of the view and urges that 
the requirement to provide a "written description" is the same as the 
requirement for an enabling disclosure. Therefore, these two allegedly 
separate grounds of rejection in the final Office Action are the same and can 
be discussed together. 

In applicant's view with respect to the rejection pursuant to 35 U.S.C. 
§ 1 12, first paragraph, applicant believes that all pending claims can be 
discussed as a group. The essence of the rejection is that the compounds 
used in the method are defined by the biological/pharmaceutical properties, 
namely that they need to be antagonists of RAR p receptors, and more 
specifically in the preferred embodiment that they should not be modulators 
of RAR a receptors, or of RAR y receptors. The Examiner made this 
ground of the rejection on the basis that there is no chemical structural 
limitation set forth for the compounds having such 

biological/pharmacological activity. It is true that in the instant claims there 
is no structural limitation for the compounds which can be used in the 
method. However, as it is explained in more detail in the "arguments' 
below, applicant is of the view that the description of the required 
biological/pharmacological properties is sufficient as an enabling disclosure. 
Therefore the ultimate holding of insufficient disclosure is in serious error. 

Second ground: All pending claims were rejected pursuant to 35 
U.S.C. § 102 as being anticipated by each of the following references: 
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Yu CA 1 12:230122, abstract 1990; 

Song Proc. Natl. Acad. Sci, USA Vol 91, pp 10809-10813, 1994; 
Wu The EMBO Journal, Vol 16(7), pp 1656 - 1669, 1997; 
Xu CA 127:: 16087, abstract 1997; 

Cong American Journal of Physiology, 275(2, ptl) L239-L246, 1998; 
Ghaffari American Journal of Physiology, 276(3, pt.l) L398-L404, 

1999. 

The Examiner stated as grounds of the rejection that Ghaffari 
discloses compounds that cause modulation of RAR receptors (called "RAR 
modulation" in the final Office action); Cong discloses RAR modulation 
having a role in the development of the lung, and that the remaining 
references also teach RAR modulation in lung tissue, (see page 7 of the 
final Office Action of February 17, 2004). The Examiner's position appears 
to be (and for a holding of anticipation logically must be) that each of these 
references disclose within their "four corners" all elements of the claimed 
invention, expressly or inherently. For the reasons stated in the "argument" 
below, this position is in serious error. 

In applicant's view, with respect to the rejection pursuant to 35 
U.S.C. § 102 the claims should be divided in at six separate groups of 
inventiveness and the erroneous nature of this rejection merits discussion 
with respect to each group. 
Argument [§ 4l.37(c)(l)(vii)] 
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Rejection Pursuant to 35 U.S.C. §112. first paragraph: All Pending Claims 
Discussed as a Group 

The Examiner asserts that the disclosure is insufficient and not 
enabling to a person of ordinary skill in the art "because the scope of the 
claims is unknown due to the structure limitations not being specifically 
disclosed." (page 2 of the final Office Action of February 17, 2004, italics 
added). This assertion is in serious error because there is no requirement in 
patent law that the chemical structure of a claimed group of compounds 
must be disclosed. It is well established law that a person of ordinary skill 
in the art can be enabled by describing the physical or biological 
properties of a class of compounds which are used in a claimed 

method. As it will become apparent below, this requirement is 
satisfied in connection with the instant claims. 
The Examiner stated that, 

"the claimed invention invention is drawn to compositions that 
have RARp antagonist having specific RAR modulating 
activity and a method of of treating using such compositions. 
However, the only compounds that are enabled by the instant 
specification have already been patented." (Page 3 of the final 
Office Action) 

The just quoted statement from the final Office Action that rejects the 
claims pursuant to 35 U.S.C. § 1 12, first paragraph is indicative that the 
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Examiner has confused the requirements for patenting new compositions and 
patenting methods using old compositions. The law is well established that 
a new and unobvious use of an old composition is patentable. The statement 
is grossly in error because the instant claims are not drawn to compositions. 
They are drawn only to methods of treatment. 
The Examiner also stated that, 

"The only compounds that fit within the bounds of the instant 
claim 13 are the compounds/methods of the US Patent 
#6,303,648. The instant specification does not have written 
description as to how to make compounds that fit within the 
instant parameters outside the compounds of the parent patent." 
(page 3 of the final Office Action) 

The just quoted statement in the final Office Action also reveals a 
serious misconception or misreading of the instant disclosure. On page 12 
line 30 through page 13 line 8 the instant specification teaches that the 
"synthesis of candidate compounds having specific RAR modulating activity 
is well known in the art". The term "specific RAR modulating activity' 
is defined on page 5 lines 17-24. The essence of this definition is that 
compounds having "specific RAR modulating activity" bind at least ten 
times better to RAR receptors than to RXR receptors. Page 5 line 25 
through page 6 line 6 briefly describe the assay or method by which the 
"specific RAR modulating activity" of a compound can be routinely 
determined, and incorporates by reference the disclosures (U. S. Patent No. 
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5,776,699 and PCT Publication No. W093/1 1755) where the nature of the 
required assays is described in precise detail. Still further, on page 13 line 9 
through page 14 line 20 the specification again describes, and in more detail, 
routine assays for determining "specific RAR modulating activity" and 
routine assays for measuring the dissociation constant (Kd) of a given ligand 
with retinoid receptors. This part of the specification again refers to and 
incorporates by reference United States Patent Nos. 5,455,265 and 
5,776,699. 

Moreover, the passage on Page 12 line 30 through page 13 line 8 of 
the instant specification incorporates by reference U.S. Patent Nos. 
5,739,338; 5,728,846; 5,760,276 and 5,877,207 each of which describes "the 
synthesis of RAR ligands having antagonist and/or inverse agonist activity. 
These patents have general formulas of broad scope and also list numerous 
exemplary compounds of specific disclosed structure. 

Therefore, the statement in the final Office Action that "The only 
compounds that fit within the bounds of the instant claim 13 are the 
compounds/methods of the US Patent #6,303,648", while technically may be 
correct, is a misstatement in context, because with the numerous structures 
of broad scope and the numerous specific examples of the patents 
incorporated by reference the instant specification teaches a large number of 
compounds usable in the present invention, or suitable for undergoing the 
routine assays for "specific RAR modulating activity" and for specific or 
selective RARp antagonist activity. 
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The Examiner refers to the factors of in re Wands 858 F.2d 73 1, 737, 
8 USPQ2d 1400, 1404 (fed. Cir. 1988). Applicant urges that the factors of 
enablement in in re Wands "are illustrative, not mandatory. What is 
relevant depends on the facts." Enzo Biochem Inc. v. Calgene Inc., 52 
USPQ2d 1 129 (Fed. Cir. 1999). 

Nevertheless, even applying the Wands factors the holding of a lack of 
enablement is in serious error. Specifically, the claims are broad but the 
nature of the invention is commensurately broad in that the applicant 
discovered that antagonists of RARP retinoid receptors which do not have 
significant RXR modulating activity, and preferably have no RARa nor 
RARy modulating activity, are suitable to be used for curing or preventing 
certain lung diseases or deficiencies in mammals. The state of the prior art 
and the level of skill in the art are such, as evidenced by the patents 
incorporated by reference, that a person of ordinary skill can routinely 
screen compounds for their above-noted biological/physiological profile. In 
the specification Applicant provides clear and routine methods of screening 
as directions for determining the suitability of any compound for use in the 
method of the present invention. The specification provides one exemplary 
compound of specific structure as a working example but the compounds 
incorporated by reference provide a multitude of additional working 
examples. Finally, the experimentation needed for determining the 
suitability of a compound to be used in the methods of the invention is mere 
routine experimentation easily performed by persons who have ordinary but 
nevertheless high skill in the art. Such routine testing or assaying should 
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not be considered undue experimentation especially in view of the fact that 
the prior art includes hundreds of patents describing compounds which have 
retinoid receptor modulating activity and are therefore candidates to be 
screened for the required "specific RAR modulating" and RAR0 antagonist 
properties. 

In a previous Office Action the Examiner stated that there is no 
direction in the specification for a person of ordinary skill in the art what 
compounds to screen for the required biological/pharmacological activity of 
the compounds used in the instant invention. Therefore, in the Examiner's 
view, aspirin is as likely to be tested as any other drug. Page 5 of the Office 
Action of September 15, 2003) This observation, or ground of the rejection 
is in serious error for the following reasons. A multitude of compounds are 
described and/or known in the pharmaceutical arts to be modulators of 
retinoid receptors (retinoids). Persons of ordinary skill in the art tend to be 
scientists with advanced degrees who are likely to be aware of the "retinoid 
receptor modulating" nature of a compound and are likely to screen only 
such compounds. They are highly unlikely to screen aspirin. 

In the final Office Action the Examiner states the additional reason for 
the "lack of enablement" rejection, 

"Furthermore, no information is presented as to how the 
undisclosed antagonist compound would have been 
administered to treat an unspecified disease. Thus, the skilled 
artisan would not have been able to practice the steps required 
by the claimed invention." (Page 6 of the final Office Action) 
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The just quoted passage in the final Office Action is in error. On page 
1 1 line 21 through page 12 line 29 the specification teaches that medical 
conditions such as emphysema and BPD (brochopulmonary dysplasia) can 
be treated in accordance with the present invention. This section of the 
specification also describes modes of administration, for example as an 
inhalant, or a composition suitable for systemic administration (intravenous 
and/or intraperitonial). Pharmacological vehicles for all these methods of 
administration are well known in the art. (see page 12 lines 16 - 29). 

In view of the novel and unobvious discovery that compounds having 
"specific RAR modulating" and RARp antagonist properties are useful for 
treating or preventing certain lung disorders, the multitude of prior art 
"retinoid compounds" provide a multitude of exemplary compounds to be 
subjected to the routine assays described in the instant specification to obtain 
a multitude of compounds suitable to be used in the novel method of the 
invention. 

In light of the foregoing the rejection of all pending claims for a lack 
of adequate written description and/or lack of enabling disclosure is in 
serious error and should be reversed. 

Rejection Pursuant to 35 U.S.C. $ 102: Claims Discussed in Six Separate 
Groups 

Comments Applicable to All Claims: 

The grounds provided in the final Office Action and in the previous 
Office Actions for rejecting the claims as "anticipated" by each of the cited 
references is insufficiently explained, and is in serious error. 
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In response to the Section 102 rejection in a preceding Office Action 
based on these references, applicant requested the Examiner to explain: 
"If the Examiner has found an anticipatory disclosure of each 
and every limitation of any of the present claims in one or more 
of these references, Applicants respectfully request the 
Examiner to expressly point to such disclosure." (Reply and 
Amendment of August 14, 2003, page 6). 

The law is well settled that an allegedly anticipatory disclosure must 
disclose each and every limitation of the allegedly anticipated patent claim. 
Applicant urges that none of these allegedly "anticipatory" references satisfy 
the legal requirement for anticipation and that the Examiner has never 
responded adequately to the just quoted request by the applicant. 
Claim Group 1. Claims 13-16 

As noted above these claims require in the method of treatment or 
prevention the use of a compound that is an RARp antagonist, and not a 
modulator of RXR receptors, (see the definition of "specific RAR 
modulating activity" on page 5 lines 17 - 24 of the specification.) nor a 
modulator of either RARa orRARy receptors. None of the cited 
references disclose all these elements or limitations. The Examiner asserts 
that these elements must be inherent in the compounds used in the 
references. For the reason explained below the assertion of inherency is in 
serious error. 

There is a significant difference between just being a "retinoid", 
namely a compound having some modulating activity on any or all retinoid 
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receptors, and being selective to RAR receptors (not active on RXR 
receptors) and then being further selective by acting as an antagonist of 
RARp and being inactive on either RARa orRARy receptors. These 
distinctions or limitations of the instant claims are not expressly found in the 
references. 

On page 2 lines 26 through page 3 line 29 the instant specification 
points out the well known fact that all trans retinoic acid (ATRA) has 
beneficial effect on mammals having destroyed or insufficient alveoli, by 
reversing the destruction and/or promoting formation of more alveoli. 
ATRA is a well known agonist, not an antagonist of all RAR receptors. 
Moreover, 

"the retinoid receptors, when bound by an appropriate ligand, 

are mediators of various life processes, including reproduction, 

metabolism, differentiation, hematopoiesis and 

embryogenesis." (page 3 lines 17-21) 

Therefore, there is room, in fact a need, in the art for drugs, 
such as the ones used in the instant method, which tend to be more 
selective, treat lung diseases by promoting alveoli formation without a 
high likelihood of serious side effects. 

It should also be noted that because ATRA is an agonist of all 
three RAR receptors it is a quite different and a surprising discovery 
of the present invention that a RARp antagonist also has a like effect 
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on mammalian lungs without a high likelihood of the serious side 
effects that administration of ATRA may cause. 
Claim Group 2. Claims 17-20 

In addition to the features and elements discussed above, these 
claims require that the RARp antagonist compound should be 
administered as an inhalant. The comments made above with 
respect to Claims 13 - 16 are fully applicable here, with the further 
comment that no cited reference includes all the limitations, including 
the call for an "inhalant" of these claims. 

As with respect to all claims it is emphasized again that being a 
"retinoid' or a modulator of "retinoid receptors" is not the same as being an 
antagonist of RARp and having no modulating activity on RXR receptors. 
Claim Group 3. Claim 21 

Claim 2 1 requires the use of an RARp antagonist which is 
not a modulator of RXR receptors (see the definition of "specific 
RAR modulating activity" on page 5 lines 17 - 24 of the 
specification) to increase the gas-exchange surface area of a 
mammalian lung. Although this claim does not 

require the antagonist to be inactive with regard to RARa or RARy 
receptors, for the reasons explained above the combination of the 
features or limitations recited in the claim are not present in any of the 
cited references, neither expressly nor inherently. 
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As with respect to all claims it is emphasized again that being a 
"retinoid' or a modulator of "retinoid receptors" is not the same as 
being an antagonist of RARp and having no modulating activity on 
RXR receptors. 

Claim Group 4. Claims 22 - 24 

In addition to all features or limitations in Claim 21, 
these claims also have the requirement that the compound used in the 
treatment to increase gas-exchange surface area in the mammalian 
lung should be inactive as a modulator of either the RARa or RARy 
receptors. For the reasons explained above the combination of the 
features or limitations recited in this claim are not present in any of 
the cited references, neither expressly nor inherently. 

As with respect to all claims it is emphasized again that being a 
"retinoid' or a modulator of "retinoid receptors" is not the same as 
being an antagonist of RARP and having no modulating activity on 
RXR receptors. 
Claim Group 5. Claim 25 

Claim 25 requires the use of an RARP antagonist which is 
not a modulator of RXR receptors (see the definition of "specific 
RAR modulating activity on page 5 lines 17 - 24 of the specification) 
in an inhalant to increase the gas-exchange surface area of a 
mammalian lung. 
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Although this claim does not require the antagonist to be 
inactive with regard to RARa or RARy receptors, for the reasons 
explained above the combination of the features or limitations recited 
in the claim are not present in any of the cited references, neither 
expressly nor inherently. 

As with respect to all claims it is emphasized again that being a 
"retinoid' or a modulator of "retinoid receptors" is not the same as 
being an antagonist of RARp and having no modulating activity on 
RXR receptors. 

Claim Group 6. Claims 22 - 24 

In addition to all features or limitations in Claim 25 that calls 
for an inhalant, these claims also have the requirement that the 
compound used in the treatment to increase gas-exchange surface area 
in the mammalian lung should be inactive as a modulator of either the 
RARa orRARy receptors. For the reasons explained above the 
combination of the features or limitations recited in this claim are not 
present in any of the cited references, neither expressly nor inherently. 

As with respect to all claims it is emphasized again that being a 
"retinoid' or a modulator of "retinoid receptors" is not the same as 
being an antagonist of RARP and having no modulating activity on 
RXR receptors. 

In light of all of the foregoing the rejection of Claims 13 -28 of 
the above-identified application is in error and should be reversed. 
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Claims Appendix [§ 41.37(c)(l)(viii)] A Claims Appendix is 
enclosed. 

Evidence Appendix [§ 41.37(c)(l)(ix)] An Evidence Appendix is 
enclosed. It is noted that the evidence appendix contains only the 
identification and copies of the references cited by the examiner in her 
reliance of rejecting the claims. There is no other pertinent evidence 
on record. 

Related Proceeding Appendix [§ 4l.37(c)(l)(x)] A Related 
Proceeding Appendix is enclosed. It is noted that there is no related 
proceeding to be listed as required by § 41.37(c)(l)(ii) 
Respectfully submitted 


Law Offices of Gabor L. Szekeres 
8141 E. Kaiser Boulevard, Suite 112 
Anaheim, CA 92808 
(714) 998-3295 
(714) 998-3296 fax 
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APPENDIX I 

CLAIMS ON APPEAL pursuant to $ 41.37(cVlVviii) 


13. A method for the treatment or prevention of alveolar destruction in a 
mammal comprising the step of administering a therapeutically effective 
amount of an RARP antagonist having specific RAR modulating activity to 
said mammal, and such antagonist is not specific to at least one other RAR 
receptor subtype. 

14. The method of claim 13, wherein said RARP antagonist is not specific 
toRARa. 

15. The method of claim 13 wherein said RARp antagonists is not specific 
toRARy. 

16. The method of claim 13 wherein said RARP antagonist is not specific to 
RARcc or RARy . 

17. The method of claim 13 wherein said composition is administered in the 
form of an inhalant. 

18. The method of claim 17 wherein said RARp antagonist is not specific to 
RARcc. 

19. The method of claim 17 wherein said RARp antagonist is not specific to 
RARy. 

20. The method of claim 1 7 wherein said RARp antagonist is not specific 
to RARcc or RARy. 
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21. A method to increase the gas-exchange surface area of a mammalian 
lung in a mammal in need thereof comprising the step of administering a 
therapeutically effective amount of an RARP antagonist having specific 
RAR modulating activity to said mammal. 

22. The method of claim 21, wherein said RARp antagonist is not specific 
to RARcc. 

23. The method of claim 21 wherein said RARp antagonist is not specific 
toRARy. 

24. The method of claim 21 wherein said RARp antagonist is not specific to 
RARcc or RARy. 

25. The method of claim 21 wherein said composition is administered in the 
form of an inhalant. 

26. The method of claim 25, wherein said RARP antagonist is not specific 
to RARcc. 

27. The method of claim 25 wherein said RARP antagonist is not specific 
toRARy. 

28. The method of claim 25 wherein said RAR P antagonist is not specific to 
RARcc or RARy. 
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APPENDIX II 
EVIDENCE APPENDIX pursuant to § 41.37(cVn(ix) 


References relied on by the Examiner to support the rejection, copies 
enclosed. 

Yu Respiration Physiology, Vol 79, 101-110, 1990 {CA 112:230122, 
abstract 1990]; 

Song Proc. Natl. Acad. Sci, USA Vol 91, pp 10809-10813, 1994; 

Wu The EMBO Journal, Vol 16(7), pp 1656 - 1669, 1997; 

Xu, Xiao — Chun, Journal of the National Cancer Institute, vol. 89(9), 
624-629, 1997 [CA 127::16087, abstract 1997;] 

Cong American Journal of Physiology, 275(2, pt.l) L239-L246, 1998; 
Ghaffari American Journal of Physiology, 276(3, pt.l) L398-L404, 
1999. 
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RELATED PROCEEDING APPENDIX pursuant to § 41.37(cVlKx) 
There are no related proceeding. 
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Indirect effects of histamine on pulmonary rapidly 
adapting receptors in cats 

Jun Yu and Andrew M. Roberts 

Department of Physiology and Biophysics, School of Medicine, University of Louisville, Louisville, KY 40292, 

U.S.A. 

(Accepted for publication 2 November 1989) 

Abstract. We did experiments to determine the relative importance of lung mechanical changes during 
histamine induced activation of pulmonary rapidly adapting receptors (RARs). In anesthetized, open-chest, 
artificially ventilated cats, we recorded RAR activity and injected histamine (25-50 /ig/kg) into the right 
atrium. Histamine initially increased RAR activity from 1.1 ± 0.2 to 3.6 + 0,6 imp/sec (n = 30) at 
15.6 ± 0.8 sec when dynamic lung compliance (C OYN ) was decreased by 29.1 ± 1.5%. The firing pattern of 
RARs changed from a relatively irregular pattern to a pronounced respiratory modulation. RAR activity 
reached its peak (5.6 ± 0.8 imp/sec) at 36.3 ± 3.3 sec. The firing pattern further changed to a cardiac 
modulation, and the activity closely correlated with cardiac output. Comparing the initial response of RARs 
to histamine with the response to mechanically decreasing C DYN , we found that the activities were similar 
when C DYN was decreased by the same amount. Our experiments suggest that in cats the initial increase 
of RAR activity in response to histamine is related to lung mechanical changes, but the later increase is 

related to cardiovascular functions. 


Rapidly adapting receptors; Histamine; Lung compliance; Cardiac output 


Pulmonary rapidly adapting receptors (RARs) are stimulated by a variety of chemicals. 
The response of RARs to histamine has attracted a lot of attention, since histamine is 
released in the airways in asthma and pulmonary anaphylaxis. Histamine, either injected 
intravenously or given as an aerosol, stimulates RARs in guinea pigs (Bergren and 
Sampson, 1982), rabbits (Mills eial, 1969; Sellick and Widdicombe, 1971), cats 
(Armstrong and Luck, 1974) and dogs (Sampson and Vidruk, 1975; Coleridge etai, 
1978). The mechanism of stimulation of RAR by histamine is still uncertain and there 
is evidence that histamine can stimulate the receptors by both indirect mechanical 
effects and direct chemical effects (Pack, 1981; SantAmbrogio, 1987). 

In rabbits (Mills et ai, 1 969) for example, a ^-adrenergic agonist which relaxes airway 
smooth muscle can block the RAR response to histamine as the lung mechanical 


Correspondence address: A.M. Roberts, Department of Physiology and Biophysics, School of Medicine 
(Room 1115), Health Sciences Center, University of Louisville, Louisville, KY 40292, U.S.A. 
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changes are prevented. From this experiment it seems that lung mechanical change is 
the primary factor causing the stimulation. On the other hand, however, histamine 
causes a greater increase in RAR activity than a dose of acetylcholine which causes an 
equal change in lung mechanics (Vidruk et al y 1911 \ Dixon et al, 1979). Furthermore 
topical application of histamine stimulates RARs without significantly influencing lung 
mechanics (Vidruk et al, 1 977). In dogs (Sampson and Vidruk, 1978), isoproterenol did 
not abolish the RAR response to histamine completely, although isoproterenol did 
reduce the tracheal pressure swings produced by histamine. These experiments suggest 
that histamine may have some direct chemical effects on RARs. 

In previous studies (Mills etal, 1969; Armstrong and Luck, 1974; Sampson and 
Vidruk, 1975), there has been little attempt to correlate the time course of changes in 
RAR activity with lung mechanical changes caused by histamine. We have not found 
any account of the time of onset of RAR activity in response to histamine injection into 
the right atrium, nor of the time taken to produce a maximal increase in firing. Therefore, 
in the present study, we (1) examined the time course of the RAR response to right atrial 
injection of histamine, and (2) tried to determine the extent that the increase in RAR 
activity is due to the indirect mechanical stimulation from a decrease in lung compliance. 


Methods 

Experiments were conducted on 17 adult cats (2.1-5.5 kg) of either sex. Cats were 
anesthetized with sodium pentobarbital (30-35 mg/kg; i.v.). Supplemental doses were 
given by intravenous drip of 0.1% sodium pentobarbital in 0.9% saline at the rate of 
about 4 mg/kg/h throughout the experiments to maintain anesthesia. 

Procedures and recordings. The trachea was cannulated low in the neck, the chest was 
widely open and the lungs were ventilated with 50% 0 2 in air by a Harvard respirator. 
Tidal volume was set at about 8-10 ml/kg body weight. Tidal C0 2 was monitored by 
a gas analyzer. Ventilatory frequency (about 15-20 cycles/min) was adjusted to 
maintain end-tidal C0 2 at about 30-35 mm Hg. A positive end-expiratory pressure 
(PEEP) was maintained by placing the expiratory outlet tube of the respirator under 
3-4 cm of water. Tracheal pressure was measured from a side arm of the tracheal 
cannula by a pressure transducer (Statham P23). The left femoral artery was cannulated 
to record arterial blood pressure through a Statham P23 pressure transducer. Heart rate 
was counted by a rate meter triggered from the pulse wave of the arterial blood pressure. 
In some experiments cardiac output was also measured by an ultrasonic flow probe 
(Transonic Systems Inc.) which was placed on the ascending aorta. These variables 
were recorded on a Grass polygraph. The right or left vagus nerve was dissected from 
the carotid sheath for recording of afferent impulses. The integrated RAR activity and 
other selected variables were recorded by a Grass model 7 polygraph and sometimes 
these variables together with RAR action potentials were recorded by a Gould (ES 
1000) electrostatic recorder. Arterial blood samples were taken from a femoral artery 
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and their pH, P CD2 , Pq 2 and [HC0 3 ~ ] were measured by a blood gas/pH analyzer. 
Metabolic acidosis was corrected by administration of 2.8% NaHC0 3 solution intra- 
venously. 

We dissected fine slips of the right or left cervical vagus nerve, leaving the rest of the 
nerve intact, and recorded afferent impulses arising from RARs in the intrapulmonary 
airways. The receptors were identified by their characteristically irregular pattern of 
discharge and by their rapidly adapting response to lung inflation (2 or 3 Vt) (Knowlton 
and Larrabee, 1946; Mills et al, 1969; Yu et al. 9 1987). Afferent impulses were counted 
by ratemeters whose window discriminators were set to accept potentials of a particular 
amplitude. Receptors were located by gently probing the lungs and intrapulmonary 
airways. 

Measurement of C D YN and lung stiffness. C DYN was calculated as the ratio of tidal volume 
to the change in tracheal pressure during inflation by the ventilator. Lung stiffness is 
defined as the inverse of C DYN . In some experiments we changed lung stiffness by 
periodically removing and then replacing PEEP for 2, 5, and 10 ventilator cycles, which 
resulted in stepwise increases in lung stiffness or stepwise decreases in C DYN (Jonzon 
et al y 1986; Yu et al. t 1987). Then we restored lung stiffness to control by hyperinflating 
the lungs for 3 Vt above FRC. 

Protocol. The time course of the RAR response to a bolus injection of histamine acid 
phosphate (50 or 100 fig) into the right atrium was observed. RAR activity at control 
was measured over 7 ventilator cycles and expressed as imp/sec. RAR activity after 
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Fig. 1. Stimulation of a rapidly adapting receptor (RAR) by right atrial injection of histamine (50 Mg/kg, at 
signal mark). BP, blood pressure; HR, heart rate; RAR IF, RAR impulse frequency; Pt, tracheal pressure. 
RAR activity at peak lung stiffness was sampled during the period denoted by V (3 consecutive ventilator 
cycles). Maximal RAR activity was sampled during the period denoted by *b' (3 consecutive ventilator 

cycles). 
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histamine was calculated by counting impulses over three consecutive ventilator cycles 
and expressed as imp/sec. After histamine was injected, RAR activity was sampled 
(1) during the maximal increase in lung stiffness (decrease in C DYN ), and (2) during the 
maximal activity of RARs. Figure 1 illustrates the procedure. The latencies to these two 
events was noted and the activities were compared. 

In 13 RARs from 7 cats, the response of RARs to histamine injection was compared 
with that to an equivalent increase in lung stiffness. The activity was first recorded at 
different levels of lung stiffness, and a linear regression line was constructed, so that the 
activity of that particular RAR could be predicted from the regression line at an 
anticipated change in lung stiffness. The activities sampled at the maximal increase in 
lung stiffness and at the maximal activity were compared and were also compared with 
the RAR activity calculated from the regression line. 

To determine the histamine effects on cardiovascular variables, we recorded arterial 
blood pressure, heart rate and cardiac output. Since cardiac output varied from animal 
to animal, we normalized the values of these variables to a percentage change from 
control. 

Data reported are means + S.E. Differences between groups were assessed by a 
paired Student f-test. The difference was considered as significant at a P < 0.05 level. 


Results 

We recorded the impulse activity of 30 rapidly adapting receptors from 17 cats. As 
previously reported, during control most receptors had an irregular discharge and often 
had respiratory and/or cardiac modulations. RAR activity during control was low and 
averaged 1.1 + 0.2 imp/sec. 

Effects of histamine on lung mechanics. Right atrial injection of histamine changed lung 
mechanics. It increased tracheal pressure swing (the change in tracheal pressure). At 
control the change in tracheal pressure per ventilator cycle was 8.1 + 0.5 cm H 2 0 
(n = 30). The change in tracheal pressure began to increase about 3 seconds after 
injection (e.g. the increase of pressure occurred within one or two ventilator cycles after 
injection). The increase of change in tracheal pressure reached its peak (1 1.3 + 0.7 cm 
H 2 0) at 15.6 + 0.8 sec after injection. Calculated in terms of C DYN , this increase of 
change in tracheal pressure gives a 29.1 + 1.5% decrease in C DYN . 

Effects of histamine on RAR activity, RARs were stimulated by right atrial injection of 
histamine. RAR activity usually did not increase until 6 seconds after injection (only 3 
of the 30 receptors were obviously activated within 3 seconds). RAR activity increased 
as lung stiffness increased. When lung stiffness increased to its peak, RAR activity 
increased significantly to 3.6 + 0.6 imp/sec (P < 0.01). As lung stiffness increased to its 
peak, about half of the receptors had a clear respiratory modulation. After lung stiffness 
had peaked, RAR activity continued to increase,, but the time course of this increase 
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Fig. 2. Effect of right atrial injection of histamine (50 /ig/kg) on rapidly adapting receptor (RAR) activity. 
RAR, RAR action potentials; BP, blood pressure; IF, ratemeter counts of RAR activity in each ventilator 
cycle; Pt, tracheal pressure and injection marker (black bar). Note RAR activity increased initially with 
a respiratory modulation, then with a prominent cardiac modulation superimposed on the respiratory one. 
Also note the response of a bronchial C-fiber (small spikes) at longer latency with a small burst period. 


varied significantly. RAR activity reached its peak (5.6 + 0.3 imp/sec) from 13 to 75 
seconds with an average of 36.3 + 3.3 sec after injection. The activity was significantly 
increased compared with the activity when the increase in lung stiffness reached its 
peak. Although the respiratory modulation continued, the activity began to show a 
clearer cardiac modulation in about three fourths of the RARs. Usually, the cardiac 
modulation was superimposed on the respiratory modulation. The RAR response to 
histamine injection is illustrated in fig. 2. 

Comparison of RAR activities evoked by decreasing C OYN and histamine. We examined 
13 RARs (from 7 cats) and compared their responses to increasing lung stiffness (or 
decreasing C DYN ) with the responses to a bolus injection of histamine into the right 
atrium. Each RAR showed a positive correlation between its activity and lung stiffness 
(fig. 3). The stiffer the lungs were, the more activity the RAR had. As lung stiffness 
increased, the firing pattern of RARs changed from an irregular discharge to a relatively 
regular discharge with a respiratory modulation. We also calculated the activity of these 
receptors at the maximal increase in lung stiffness after histamine injection and 
compared the activity with the activity evoked by increasing lung stiffness. Histamine 
increased the activity of 13 RARs from 1.3 ± 0.5 to 5.2 + 1 A imp/sec when C DY n was 
decreased by 34.8%. This increase in activity was similar to that (5.2 + 1.2 imp/sec) 
caused by mechanically decreasing C DYN to the same amount (fig. 3). However, after 
histamine injection, RAR activity continued to increase and reached its peak approxi- 
mately 15 sec after tracheal pressure reached a maximum. At this time the activity was 
7.2 ± 1.5 imp/sec, which was significantly different from the activity at the peak change 
of C OYN (P < 0.05). 
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Fig. 3. Responses of two rapidly adapting receptors (RARs) to an increase in stiffness (1/C DYN ) produced 
by briefly removing PEEP ( o ) or by injecting histamine (50 pg/kg) into the right atrium (• ). The data points 
after histamine were calculated over the three consecutive ventilatory cycles with the largest increases in 
lung stiffness. Linear regression lines were calculated for the open circles data. Note that RAR activity 
induced by histamine was comparable with that induced by increasing 1/C DVN . 
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Fig. 4. Time course of the effects of right atrial injection of histamine (10-33 /xg/kg) on arterial blood 
pressure, heart rate and cardiac output. Data are reported as means + S.E. from 5 cats. Histamine was 

injected at the arrow. 
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Effects of histamine on cardiovascular variables. Histamine decreased mean arterial 
blood pressure after about 5 sec following injection; blood pressure returned gradually 
to its control value after about 30 sec. Pulse pressure also increased significantly 
beginning about 10 seconds after mean pressure decreased. Cardiac output increased 
significantly 15 seconds after injection, it reached a peak (50% above control) after 
approximately 25 sec, and remained elevated for another 30 sec or so. Then cardiac 
output gradually returned towards the control level (fig. 4). When cardiac output in- 
creased, RAR activity also increased (fig. 5), and cardiac modulation of RAR activity 
usually occurred at this time. The time course of the increase in cardiac output matched 
the time course of the maximal increase in RAR activity. 
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Fig. 5. Relationship between RAR activity and cardiac output in response to right atrial injection of 
histamine in a cat. A, injection of histamine (33 ug/kg) at the black bar. B, after injection (continuation of 
A). C, approx 6 min after injection. ABP, arterial blood pressure; HR, heart rate; CO, cardiac output; IF, 
impulse frequency of a RAR; Pt, tracheal pressure. Note that RAR activity remained elevated while cardiac 
output stayed high, but tracheal pressure had returned to control. 
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Discussion 

The afferent properties of RARs have been reviewed (Coleridge and Coleridge, 1986- 
Sant'Ambrogio, 1987; Pack, 1981). They are mainly mechanosensitive receptors! 
Changes in lung mechanics, such as increases in tidal volume (Knowlton, 1946), airway 
flow (Pack and DeLaney, 1983) or decreases in C Dy>I (Sellick and Widdicornbe, 1970; 
Jonzon etal, 1986; Yu etal, 1987), stimulate RARs. Since histamine alters lung 
mechanics, it is reasonable to believe that histamine can increase RAR activity by 
indirect mechanical changes in the lungs. 

If RARs were stimulated by histamine entirely as an indirect effect of lung mechanical 
changes, one would expect to see that their firing pattern in response to histamine 
resembles the firing pattern in response to a change in lung mechanics with a clear 
respiratory modulation (Jonzon etai, 1986; Yu etal, 1987; present results). In ad- 
dition, the time course of RAR activation should correlate with the time course of 
changes in lung mechanics. When the change in lung mechanics is sustained, the RAR 
activity will gradually decrease as a result of adaptation (Jonzon et aL, 1986; Yu et a! 
1987). 

On the other hand, if RARs were stimulated by histamine entirely as a direct chemical 
action, one would expect an irregular discharge with the greatest activity at the onset 
of activation (without respiratory and cardiac modulation) and a return to control as 
the chemical is washed away. This pattern resembles the C fiber firing pattern evoked 
by chemicals (fig. 2). The present results, however, have shown that the response of 
RARs to right atrial injection of histamine is more complicated. 

Our results confirm the results from previous investigators (Mills et al, 1969; Sellick 
and Widdicornbe, 1971; Armstrong and Luck, 1974; Sampson and Vidruk, 1975; 
Coleridge etal, 1978; Bergren and Sampson, 1982) that histamine increases RAR 
activity. Our results suggest that the initial increase in RAR activity after histamine 
injection is due to the change in lung mechanics because: (1) the onset of the increase 
in RAR activity coincided with the increase in lung stiffness after histamine injection; 
(2) at this point, the RAR activity was identical to that obtained when lung stiffness was 
increased by the same amount by changing lung mechanics by removing and then 
replacing PEEP; (3) at this point the firing pattern of RARs was similar to that obtained 
when lung stiffness was increased mechanically, Le. both had a clear respiratory 
modulation. 

The maximal response of RARs was relatively late, and did not occur until more than 
30 sec after injection. This seems somewhat surprising if the response were simply due 
to a direct chemical effect and a change of lung mechanics. Although it is possible that 
regional changes in mechanics could influence receptor activity without being detected 
as changes in dynamic compliance, there was a clear cardiac modulation of the late 
response, and the latency of the peak response in RAR activity closely correlated with 
the latency of the peak response in cardiac output. This suggests that cardiovascular 
changes produced by histamine played a significant part in the response. 

RAR activity has been related to cardiovascular changes, although experiments have 
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not been designed to identify the nature of the stimulus. It has been mentioned that RAR 
activity has cardiac modulation. Especially when the lungs are collapsed, the receptors 
often discharge one or more impulses with each heartbeat (Knowlton and Larrabee, 
1946; Sampson and Vidruk, 1975; Sellick and Widdicombe, 1969). The cardiac rhythm 
is thought to result from the mechanical pulses from the heart and great vessels 
(Coleridge and Coleridge, 1986). Our present results show a relationship between RAR 
activity and cardiac output. These results are consistent with other investigators' con- 
clusion that histamine can stimulate RARs by mechanisms other than airway smooth 
muscle contraction such as by increasing lymph flow (Kappagoda et aL, 1988). 

In the present study, we did not test to what extent the increase in RAR activity by 
histamine injection can be attributed to the direct chemical effects. It is reasonable that 
part of the increase in RAR activity previously ascribed to the direct stimulation might 
be due to cardiovascular changes. In order to clarify this matter, we need a better 
understanding of the mechanisms by which histamine activates RARs. Unfortunately, 
we still do not know the mechanism by which histamine increases RAR activity. There 
is evidence to suggest that the increase in RAR activity by histamine in dogs is a matter 
of sensitization rather than outright stimulation, because the RAR activity induced by 
histamine usually ceases when the ventilator is switched off and resumes when the 
ventilator is switched on again (Coleridge etaL, 1978). This suggests that the 
background mechanical stimulation is essential to the response. It is noteworthy that 
in dogs, PGE 2 , a powerful bronchodilator which is also irritant to the airways, does not 
stimulate RARs (Coleridge etaL, 1978). Once again this suggests that changes in lung 
mechanics are very important in stimulating RARs. We speculate that histamine may 
sensitize the RARs to mechanical changes from the cardiopulmonary system. Since 
histamine alters lung mechanics as well as cardiovascular functions, the response 
pattern of RARs is complicated. Further experiments need to be done to evaluate the 
effects of increases in cardiac output on RAR activity. 

In conclusion, the initial increase of RAR activity is due to mechanical changes in the 
lungs, and that cardiovascular function may have contributed to the later increase in 
RAR activity. RARs are believed to elevate the inspiratory off-switch threshold and thus 
increase inspiratory drive (Coleridge and Coleridge, 1986). If an increase in cardiac 
output stimulates RARs, it is possible that RARs play a part during exercise to transmit 
input signals from the cardiopulmonary system to increase the respiratory drive to meet 
the body needs. 
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ABSTRACT The cDNA for a member of the nuclear 
receptor family was cloned and named ubiquitous receptor 
(UR), since UR protein and mRNA are detected in many cell 
types. Rat UK/human retinoid X receptor a (hRXRa) het- 
erodimers bound preferentially to double-stranded oligonucle- 
otide direct repeats having the consensus half-she sequence 
AGGTCA and 4-nt spacing (DR-4). Coexpression of UR in 
COS-1 cells inhibited the stimulation of chloramphenicol ace- 
tyltransferase (CAT) reporter gene expression by hRXRa and 
human retinoic acid receptor a in the presence of ah-trans- 
retinoic acid when DR-4 (but not DR-5) was present upstream 
of the promoter of a CAT reporter gene (DR-4-CAT). UR 
expression also inhibited the activation of a DR-4-CAT re- 
porter gene by hRXRa and 9-cir-retinoic acid or by thyroid 
hormone receptor fi in the presence of thyroid hormone. 
However, in the absence of 9-m-retinoic add, UR in combi- 
nation with hRXRa stimulated DR-4-CAT expression. Coex- 
pression of thyroid hormone receptor markedly reduced this 
stimulation in the absence of thyroid hormone. UR may play an 
important role in normal growth and differentiation by mod- 
ulating gene activation in retinoic add and thyroid hormone 
signaling pathways. 


In vertebrates, cellular responses to vitamin D 3 , retinoids, 
and steroid and thyroid hormones are dependent on a group 
of specific nuclear receptors belonging to a superfarnily of 
ligand-activated transcription factors (1). Nuclear receptors 
modulate the transcription of specific genes by interacting 
with specific DNA sequences termed hormone response 
elements (HREs), often located upstream of target genes (2). 
Whereas steroid hormone receptors interact as homodimers 
with their cognate HREs arranged as palindromic repeats of 
6 nt with 3-nt spacing, members of the thyroid hormone/ 
retinoid receptor subfamily bind most efficiently to an HRE 
as heterodimers with the retinoid X receptor (RXR) and 
utilize response elements arranged as direct repeats (DRs) (2, 
3). Different receptor/RXR heterodimers have different pref- 
erences for the spacing of these DRs (4, 5). The nature of the 
DNA flanking these half-sites also is important in determining 
the specificity of a response element (6). Homodimers of the 
thyroid hormone/retinoid receptor family are also able to 
modulate transcriptional activity in different ways than their 
heterodimeric forms (7). The effect of these homo- and 
heterodimeric receptors on transcriptional activity . also de- 
pends on their occupancy by specific Iigands (8). The com- 
plexity of this network of interacting factors is increasing 
with the discovery of new members of this sur^rfamily of 
nuclear receptors, many of which are called orphan recep- 
tors, since they lack known Iigands. An interplay of recep- 
tors, Iigands, response elements, and yet-to-be-discovered 
factors may ultimately control the activity of these transcrip- 
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tional factors and ensure the appropriate cellular responses 
during development and in the adult. 

We report here our discovery of a member of the nuclear 
receptor family of transcription factors that we have named 
ubiquitous receptor (UR),t because of its wide tissue dis- 
tribution. UR is not an isoform of any known receptor and 
interacts with the response elements and network of recep- 
tors in the thyroid receptor (TR)/retinoic acid receptor 
(RAR) subfamily. 

MATERIALS AND METHODS 

Cloning and Sequencing of cDNA. A cDNA library was 
constructed in AZAPII (Stratagene) with poly(A) + RNA from 
rat vagina and screened with 5'- 32 P-end-labeled oligodeoxy- 
nucleotide probes highly homologous to the DNA-binding 
domain (DBD) of known rat nuclear receptors. These probes 
were 5'-TT(A/G)AAGAA(A/T)AC(C/f)TTRCAGCT(T/ 
C/G)CCACA-3\ 5'-CT(A/G)AAGAAICCCTTGCAGC- 
CITCACAGGT-3', 5'-TT(A/G)AAGAA(A/T)AC(C/T)T- 
TGCAGCT(A/T)CCACAIGT-3',5 r -C(C/T)CC(A/G)TA(A/ 
G)TG(A/G)CAICC(A/T)GA(A/G)GCITCATC-3\ and 5'- 
AGTGI(A/T)A(A/G)CCIGTGGC(C/T)(C/T)GGTCI- 
CCACA-3' (where I is deoxyinosine). A clone that hybridized 
to these probes contained a 1.9-kb cDNA insert that coded 
for a full-length nuclear receptor. A AZAPII cDNA library 
constructed with poly(A) + RNA from PC-3 human prostate 
cancer cells was screened with the 1.9-kb cDNA insert of the 
rat UR (rUR) clone to identify human UR (hUR) cDNA 
clones. Sequences were aligned by use of geneworks soft- 
ware (InteUiGenetics). Similarity searches were performed 
with the blast (9) algorithm and data banks at the National 
Center for Biotechnology Information (Bethesda, MD). 

Northern Blot Analysis. Northern blot analysis of poly(A) + 
RNA was carried out (10) using a 1.6-kb rUR cDNA fragment 
(nt 368-1899) labeled with 32 P by random priming (11) as the 
probe. 

Gd Shift DNA-Blndmg Assays. rUR and hRXRa were syn- 
thesized in vitro by rabbit reticulocyte lysate programmed with 
RNA transcribed from pSG5 vectors (Stratagene) containing 
the appropriate cDNAs. Lysate containing rUR and/or 
hRXRa was incubated with the indicated 32 P-labeled double- 
stranded oligonucleotide in the absence or presence of unla- 
beled oligonucleotides containing AGGTCA repeats with vari- 
able spacing and orientation. The sequences of the sense 
strand of these nucleotides (5'-to-3' with response element 


Abbreviations: r, rat; h, human; Tj, 3,3',5-triiodo-L-thyronine; RA, 
retinoic acid; /-RA, aM-irans-RA; 9c-RA, 9-cw-retinoic acid; RAR, 
RA receptor; RXR, retinoid X receptor; TR, thyroid hormone 
receptor; UR, ubiquitous receptor; DBD, DNA-binding domain; 
LBD, ligand-binding domain; DR, direct repeat; HRE, hormone 
response element; CAT, chloramphenicol acetyltransferase. 
♦To whom reprint requests should be addressed. 
tThe sequences reported in this paper have been deposited in the 
GenBank data base [accession nos. U14533 (rat) and U 14534 (hu- 
man)]. 
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rDR 

140: 

rUR 

675: 

hUR 

436: 

hUR 

151: 

rUR 

166:' 

rUR 

751: 

hUR 

526: 


GGAATTCGGCACGAGCA 

CGCAAGGCTGTTGCTCCGAGCTACTCCCAGGCTTCTGAAGTTACTTCrGM 
CGMGTAGGAGACCCCCTrcTGCGACCCCCrCACGATCGCCGGTGC^ 

Ser Ser Pro Thr Set Ser Lou Aap Thr Pro Leu Pro Gly Asn Gly Ser Pro Gin Pro Ser Thr Ser Ser Thr Ser Pro Thr He Lya 
TCT TCC CCC ACA AGT TCT CTG GAC ACT CCC TTG CCT GGG AAT GGT TCT CCC CAG CCC AGT ACC TCC TCC ACT TCA CCC ACT ATT AAG 

C T — C C A C C-C — T T G-C G — C-T — T T G-A 

---------- - Pro - Gly Ala Pro | - Ser - | - - Val - 


Glu Glu Val Gin Glu Thr Asp'pro Pro Pro' Gly Ser Glu Gly'Ser Ser Sort Ala Tyr 

GAG GAG GTA CAG GAG ACT GAT CCA CCT CCA • GGC TCT GAA GGG TCC AGC TCT GCC TAC 

GT _ c C-G TGG — C GGG GGT CCG GAC CCT GAT GTC CCA GGC ACT GAT GAG GCC A A -CC T-C AG CA GAC TGG GT- 

- Gly Pro - Pro Trp - Gly Gly Pro Asp Pro Aap Val Pro Gly Thr Aap Glu Ala Ser - Ala Cys - Thr Asp Trp Val 


Pro Aap 


J 


Met 
ATG 


Leu Gly His Glu Leu 
CTG GGC CAT GAG CTG 
C T 


Cya Arg Val Cys Gly 
TGC CGC GTG TGC GGG 
r „C — T 


Aap Lys Ala Ser Gly Phe His Tyr Asn Val Leu Ser Cya Glu Gly Cys Lya Gly Phe Phe Arg Arg Ser Val Val Hia Gly Gly Ala Gly 
GAC AAG GCC TCG GGC TTC CAC TAC AAT GTG CTC AGT TCT GAA GGC TGC AAA GGC TTC TTC CGG CGT AGC GTG GTC CAT GGT GGG GCC GGG 

c c C ~C G C — T G A — 

------------------------- - Arg - - - Arg 


Arg Tyr Ala Cya Arg Gly Ser Gly Thr Cya Gin 
CGC TAT GCC TGT CGG GGC AGC GGA ACC TGC CAG 

~r "i" ~r " c "* i T Gly ~~ 1' 


Ala Gly 
GCT GGC 
—A — G 


Met 
ATG 


Met 
ATG 



Met] Arg Arg Lya Cya Gin Leu Cya Arg Leu Arg Lys Cya Lys Glu 
ATG| CGG CGC AAG TGC CAG CTC TGC AGA CTG CGC AAG TGC AAG GAG 

A G C-G 

--- - Gin - -- -- -- - 


T-G -A- T-A 
hOR 181: Ser Gin Ser 


ivrg Glu Gin Cys Val Leu Ser Glu Glu Gin He Arg'Lya Lys Lys' He Gin Lya 'Gin Gin Gin Gin Gin' 

ZGG GAG CAG TGC GTG CTT TCT GAG GAG CAG ATT CGG AAG AAA AAG ATT CAG AAG CAG CAA CAG CAG CAG 

C A —A C G G A G G— TCA CAG TCA CAG 

----------- - l - - - l - Arg - i — — - - Glut Ser Gin Ser Gin 

ro 'Thr Glu Pro Ala Ser Gly Ser Ser Ala Arg Pro Ala Ala Ser Pro Gly Thr Ser Glu Ala Ser Ser Gin Gly 

CG ACT GAG CCA GCA TCC GGT AGC TCA GCC CGG CCT GCA GCC TCC CCT GGC ACT TCG GAA GCA AGT AGC CAG GGC 

-T GTG -G G CAG GGC AGC AG- A-C TCA G-C T-T G GC — T T GGA — T — G G-C 

- Val Gly - Gin Gly | Ser - Ser - i Ala Ser Gly - Gly - Gly - Gly - - - 


rUR 194: Ser Gly Glu Gly Glu Gly He Gin Leu Thr Ala Ala Gin Glu Leu 

rUR 835: TCC GGG GAA GGA GAG GGC ATC CAG CTG ACA GCG GCT CAG GAG CTG 

hUR 616: T G A A —A —A 

hUR 211: - - - - - - Val - - - - - - - 


Met 

ATG 


He Gin Gin Leu Val Ala Val Gin Leu Gin Cys Asn Lys Arg 
ATC CAA CAG TTA GTT GCC GTG CAG CTG CAG TGC AAC AAG CGA 

C G — G — G -CC — A A — C 

------ Ala ------- 


rDR 224: Ser Phe Ser Asp Gin Pro Lys Val Thr Pro Trp Pro Leu Gly Ala Aap Pro Gin Ser Arg Asp Ala Arg Gin Gin Arg Phe Ala His Phe 
rOR 925: TCT TTC TCC GAC CAG CCT AAA GTC ACG CCC TGG CCC TTG GGT GCA GAC CCT CAG TCC CGA GAC GCT CGT CAG CAA CGC TTT GCC CAC TTC 

hOR 241 ------------------------------- 

rDR 254: Thr Glu Leu Ala He He Ser Val Gin Glu He Val Asp Phe Ala Lys Gin Val Pro Gly Phe Leu Gin Leu Gly Arg Glu Asp Gin He 
rORlOlS: ACT GAG CTA GCC ATC ATC TCA GTC CAG GAG ATC GTG GAC TTC GCC AAG CAG GTG CCA GGG TTC CTG CAG CTG GGC CGG GAG GAC CAG ATC 

hDR 271: - - - - - - - - - -- -- - - - - - - - - - - - - - 


rUR 284: Ala Leu Leu Lys Ala Ser Thr He Glu He 
rURHOS: GCC CTC CTG AAG GCA TCC ACC ATC GAG ATC 

hUR 886: T 

hUR 301: - -- -- -- -- 


Met 
ATG 


Leu Leu Glu Thr Ala Arg Arg Tyr Asn His Glu Thr Glu Cys He Thr Phe Leu Lya 
TTG CTA GAG ACA GCC AGA CGC TAC AAC CAC GAG ACA GAG TGC ATC ACG TTC CTG AAG 


rUR 314: Aap Phe Thr Tyr Ser Lya Aap Asp Phe His Arg Ala Gly Leu Gin Val Glu Phe He Asn Pro He Phe Glu Phe Ser Arg Ala 
rUR1195: GAC TTC ACC TAC AGC AAG GAC GAC TTC CAC CGT GCA GGC TTG CAG GTG GAG TTC ATC AAT CCC ATC TTT GAG TTC TCT CGG GCT 

hUR 331: - - _ - - - - - - - - - - - - - - - 


Met 
ATG 


Arg 

CGT 
— G 


rUR 344: Arg Leu Gly Leu Asp Aap Ala Glu Tyr Ala Leu Leu He Ala He Asn He Phe Ser Ala Asp Arg Pro Asn Val Gin Glu Pro Ser Arg 
rORl285: CGG CTG GGC CTA GAC GAT GCA GAG TAT GCC TTG CTC ATT GCC ATC AAC ATC TTC TCA GCG GAC CGG CCT AAT GTG CAG GAG CCC AGC CGT 

ht7Rl 06 6: G C — T C C C G — C G G C 

hUR 361: --------------------------- - Gly - 

rUR 374: Val Glu Ala Leu Gin Gin Pro Tyr Val Glu Ala Leu Leu Ser Tyr Thr Arg He Lys Arg Pro Gin Asp Gin Leu Arg Phe Pro Arg 
rOR1375: GTG GAG GCT CTG CAG CAG CCC TAT GTG GAG GCC CTC CTC TCC TAC ACG AGG ATC AAG CGG CCG CAG GAC CAG CTG CGC TTC CCA CGA 

hOR1156: G T C G — G — G C-C A » G ™C 

hDR 391: - -- -- -- -- -- -- -- -- -- -- -- -- -- - 


rUR 404: Leu 
rDR1465: CTC 
hUR1246: - 
hUR 421: 


Met 
ATG 


Lys Leu Val Ser Leu Arg Thr Leu Ser Ser Val His Ser Glu Gin Val Phe Ala Leu Arg Leu Gin Asp Lys Lys Leu Pro Pro 
AAG CTG GTG AGC CTG CGC ACC CTC AGC TCC GTG CAC TCG GAG CAG GTT TTC GCA TTG CGT CTC CAG GAC AAG AAG CTG CCG CCT 


rDR 434: Leu Leu Ser Glu He Trp Aap Val His Glu 

rDR1555: TTG CTG TCC GAG ATC TGG GAT GTG CAT GAG TAGGGGCCGCCACAACTGCCCCAGCCTTGGTGCTGTCTACTTGCAGATGGACGCTTCCTTTGCCrrTCCTGGGGTGGG 

hOR1336 : C G C — C — C GAGGGGCTGGCCACCCAGCCCCACAGCCTTGCCTGACCACCCTCCAGCAGATAGACGCCGGC^CCCCTTCCTCTTCC 

hUR 451: - -- -- -- -- - 

rORl 6 63 : AGGACACTCTCACAGCCCAGTCCCCTGGGCTCGGGCTGAGCGAGTGGCAGTTGG 

rDRl 7 82 : CTGATCTTTACCAGCTGCCCTTCCTCCCGAGCTTACACCTCAGCCTACtt^ 

rORl 901 : TCTTCTGCCCCTTTTATTTAATAAAAAAAATAAAATAAAATAAA GCTCGTGCCGAATTC 

hDRl 444 : TAGGGTGGAAGGGGCCCTGGGCCGAGCCTGTAGACCTATCGGCTCTCATCCCT^ 

hURl 5 63 : AAftGGGTTGCAGGTCCCGACCACTGACCCTTCCCGGCTCCCCTCCCTC^ 

hORl 682 : CCTA GCCCGGGAGACCAGGGGCCTTCCTCTTCCTCTGCTTTTATTTAATAAAAACTAAAAACAGAAA 

hDRl 801: AAAAAGGAATTCC 


Fig. 1. cDNA sequences and deduced amino acid sequences of rUR and hUR. hUR residues that are identical with rUR residues are shown 
as hyphens. Gaps introduced to maximize match are indicated by dots. All ATG codons (methionine residues) are boxed. Oligo- or polyamino 
acid regions are shown by boldface brackets. The putative DBD is boxed. 


half-site underlined) were as follows: DR-0 ( GATCCTCAQ: 
GTCAAGGTCA GAAGCT: DR-1, G ATC CTC AG GTC A- 
GAGGICAGAAGCT; DR-2, GATCCTCAffl2ECAAGAG= 
G1CAGAAGCT; DR-3, GATCCTCAGGlCAAGGAGGIr 
CAGAAGCT; DR-4, fi ATCCTC AGGTCA CAGG- 
AGGICAGAAGCT; DR-5, GATCCTCAQGXCACCAGG- 
AGGeXCAGAAGCT; DR-6, GATCCTCAGG1CACCAAG- 


GAGGXCAGAAGCT; and pal, GATCAGCTT CAGGTCAT- 
GACdGAGAGCTGATC For the gel mobility-shift analy- 
sis, 2 yX of programmed lysate was mixed with 20 fd of binding 
buffer [10 oiM Hepes, pH 7.9/50 mM KCI/2.5 mM MgCl 2 /2 
mM dithiothreitol/10% (vol/vol) glycerol containing poly(dI- 
dC) (50 /Ltg/ml) and sonicated salmon testis DNA (250 /ig/ml)] 
and incubated for 20 min on ice. Labeled probe (20 ng) and 
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(when indicated) competitors were then added and the mixture 
was incubated again for 10 min on ice. The DNA-i>rotein 
complexes were resolved by electrophoresis in 5% polyacryl- 
amide gels containing 23 mM Tris, 23 mM boric acid, and 0.5 
mM EDTA, pH 8.0. The gels were run at constant power of 
6 W for 3 hr at 4°C, dried, and exposed to XAR-5 Kodak film 
at -80°C overnight. 

Mammalian Cell Transfection and Chloramphenicol Acetyl- 
transferase (CAT) Assay. COS-1 cells were plated (10 6 cells 
per 100-mm plate) in Duibecco's modified Eagle's medium 
supplemented with either 10% dextran-coated charcoal- 
stripped or 10% AG1-X8 resin-treated fetal bovine serum 
(12). The next day, cells were transfected by the calcium 
phosphate precipitate method (11) with 4 fig of pCHHO 
(Pharmacia) for /j-gaiactosidase expression, 8 /ig of A56c- 
fosCAT (13) reporter plasmid with four tandem copies of 
DR-3, DR-4, or DR-5 response elements inserted at the 
HindUl site, and 4 fig of each kind of nuclear receptor 
expression vector. For DR-1 , the CRBPII-tk CAT vector (14) 
was used. The pSG5 vector was used for rURi hRXRa, and 
bRARa expression, and the pCDM8 vector (Invitrogen) was 
used for hTRp expression. Cell transfection, hormone treat- 
ments, and CAT assays were performed as described (15). 
Transfection efficiency was normalized to 0-galactosidase 
activity from cotransfected pCHHO (11). Acetylation of 
[ l4 C]chloramphenicol was quantified after thin-layer chro- 
matography by the AMBIS radioanalytic imaging system 
(AMBIS Systems). The data shown are the average of 
duplicates from representative experiments. 

Production of Anti-UR Antibodies. Antigens were 15-aa 
peptides from either the amino (UN-15) or the carboxyl 
(UC-15) terminus of rUR conjugated with keyhole limpet 
hemocyanin, and an Escherichia coli TrpE-rUR (full-length) 
fusion protein. Polyclonal antibodies were produced in rab- 
bits and affinity purified (16). 

RESULTS AND DISCUSSION 

Structure of rUR. The nucleotide and deduced amino acid 
sequences of hUR and rUR cDNAs are shown in Fig. 1. A 
clone from a rat vagina cDNA library had a 1959-bp insert 
containing an open reading frame that coded for a protein of 
443 aa. The ATG codbn at nt 256-258 of the rUR cDNA is in 
the appropriate context for translation initiation (17), and an 
in-frame stop codon TGA is present upstream of this codon. 
The putative protein, with a calculated molecular mass of 
49,448 Da, contains a cysteine-rich region, which has a zinc 
finger motif typical of the DBD of members of the nuclear 
receptor family. 

Sequence comparison with the various receptors of this 
nuclear receptor family indicates that rUR is most closely 
related to the Drosophila ecdysone receptor, with which it 
shares 62% amino acid identity in the DBD. Tlie 5 aa (P box) 
responsible for HRE half-site recognition in other receptors 
(18, 19) are identical to those of TR and other members of the 
TR/RAR subfamily. The putative ligand-binding domain 
(LBD) of rUR is not highly homologous to any other mem- 
bers of the nuclear receptor family. 

Structure of hUR. All htTR cDNA clones were truncated in 
the 5' coding region and lacked DNA coding for 5 aa that are 
present at the amino terminus of rUR (Fig. 1). Sequence 
analysis of hUR genomic clones suggests the presence of an 
introri in this region, based on potential 5' and 3' splice sites 
that conform to consensus splice sites (20). hUR genomic 
clones were also used as probes to localize the hUR gene to 
chromosome 19, band ql3.3 by fluorescence in situ hybrid- 
ization of normal human metaphase chromosomes (M. M. 
LeBeau, E. M. Davis, C.S., J.M.K., R.A.H., and S.L., 
unpublished observation). 


The deduced hUR protein sequence (assuming the pres- 
ence of the missing 5 aa at the amino terminus) has 460 aa with 
a calculated molecular mass of 50,482 Da and shares nearly 
90% homology with rUR (Fig. 1). The percent identity in the 
DBD as well as the LBD between rUR and hUR is 94%. Most 
of the amino acid sequence differences lie in the amino- 
terminal portion of the LBD. There is only one amino acid 
difference (Ser 372 of rUR is replaced by Gly at position 389 of 
hUR) in the 227 aa at the carboxyl-terminal end of the LBD 
of the two URs. 

UR mRNA Expression and UR Localization in Organs and 
Cells. A rUR cDNA probe hybridized to a single prominent 
2-kb RNA species on Northern blots of poly(A) + RNA from 
heart, liver, kidney, brain, testis, ovary, adrenal, uterus, 
prostate, vagina, lung, and spleen (Fig. 2). A single band of 
-2 kb was also detected in cultured cells, including the 
human prostate carcinoma cell lines PC-3 and LNCaP, hu- 
man skin fibroblasts, BALB/c 3T3 (murine fibroblast line), 
RPME 1788 and BJAB (human B-ceU lines), and WEHI-231 (a 
murine immature-B-cel] line) (data not shown). 

On Western blots UR antibodies reacted with a 50-kDa 
component in nuclear (but not cytosoiic) extracts of rat liver, 
heart, kidney, prostate, seminal vesicle, small intestine, 
ovary, and skin. UR was detected predominantly in nuclei by 
immunocytochemica! staining in all organs and cultured cells 
examined. 

UR Binding to Specific DNA Sequences. Since the P-box 
amino acids of the UR DBD were identical to those of TR and 
other nuclear receptors that bind to AGGTCA half-sites, we 
analyzed the ability of in vitro expressed rUR to bind to 
oligonucleotides with AGGTCA repeats of different spacing 
using a gel shift assay. Both rUR monomer and dimer 
complexes were detected on a series of DRs with 0- to 6-nt 
spacing. Monomers were present in greatest amount on DR-2 
and DR-3, with lesser amounts on DR-li -4, -5, and -6. Dimer 
complexes were detected only on DR-3, -4, -5, and -6, with 
DR-4 having the highest level of bound dimer. Little or no 
rUR was detected on palindromatic repeats with zero spac- 
ing- 
Members of the thyroid hbrmone/retinoid receptor sub- 
family of nuclear receptor bind to response elements with 
greater affinity and trahsactivate genes more effectively 
when they heterodimerize or are coexpressed with RXR (4, 
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Fig. 2. rUR mRNA expression in various rat tissues. {Upper) A 
Northern blot of poly(A) + RNA (8 ^g) from adult Sprague-Dawley 
rat tissues was hybridized under stringent conditions with a 32 P- 
labeled rUR cDNA probe. Arrowheads represent the positions of 2&S 
and 18S ribosomal RNA. sem. ves., Seminal vesicles; v. prostate, 
ventral prostate. (Lower) The membrane was also probed with 
32 P-Iabeled rat gJyceraldehyde-3-phosphate dehydrogenase cDNA 
after the UR probe was stripped off. 
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. 21-24). We also found that rUR/hRXRa heterodimers bound 
to DR sequences with higher affinity than homodimers of 
rUR or hRXRa. Binding of rUR/hRXRa heterodimers to 
32 P-labeled DR-4 or DR-5 was inhibited by the addition of 
nonradioactive DR oligonucleotides (Fig. 3), and DR-4 was 
the best competitor. rUR/hRXRa heterodimers, therefore, 
appeared to bind to DR-4 preferentially. Antibodies against 
the amino terminus of rUR (UN-15) supershifted rUR/ 
hRXRa heterodimers without reducing the total amount of 
rUR bound to DR-4. Antibodies against the carboxyl termi- 
nus of rUR (UC-15) also supershifted some dimers but 
significantly inhibited the formation of rUR heterodimers 
bound to DR-4. Therefore, a heptad-repeat leucine zipper 
structure in the carboxyl-ternunal LBD of rUR which is 
believed to be important in nuclear receptor heterodimeriza- 
tion may be involved in UR heterodimerization and the 
UC-15 antibody may have blocked this process. 

Reporter Gene Expression in COS-1 Cells Transfected with 
UR, TR, and RXR. Expression vectors containing cDNAs for 
hRXRa, hTR£, and rUR were cptransfected alone or in 
combination into COS-1 cells along with the DR-4 reporter 
plasmid, in which four tandemly arranged DR-4 elements 
were inserted upstream of a heterologous promoter linked to 
a CAT reporter gene. The CAT activity in cells coexpressing 
rUR and hRXRa was 4- to 5-fold greater than that in COS-1 
cells expressing either rUR or hRXRa alone (Fig. 4A). This 
activity was independent of T 3 or 9c-RA. Whether rUR/ 
hRXRa activation of the CAT gene required a ligand that was 
present in culture medium or produced by COS-1 cells is not 
clear. The rUR/hRXRa-dependent CAT activity was mark- 
edly reduced by coexpression ofhTRjS in the absence but not 
the presence of T 3 . TR in the absence of ligand acts as a 
transcriptional repressor (8), which may explain the reduc- 
tion observed. Also, the formation of hTR/J/hRXRa het- 
erodimers may have reduced the formation of rUR/hRXRa 
heterodimers and utilization of the DR-4 promoter. In the 
presence of T 3 , hTR/J expression alone gave high CAT 
activity, probably utilizing endogenous RXR (6) as a binding 
partner (Fig. 4A). rUR/hRXRa transactivatidn of DR-4- 
CAT, however, required the exogenous coexpression of rUR 
and hRXRa. Addition of 9c-RA and T 3 to cells coexpressing 
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Fig. 3. Relative affinity of rUR/hRXRa heterodimers for various 
DR oligonucleotides. 32 P-labeled DR-4 (Upper) or DR-5 (Lower) 
oligonucleotides were used as probes in a gel shift DNA-binding 
assay. Nonradioactive ("cold") DR oligonucleotides (5- or 25-foid 
molar excess over 32 P-DR-4 or 32 P-DR-5) were added as competitors. 
The control mixture had no competitor. If used, 1 p% of the indicated 
antibodies (UN-15 or UC-15) was incubated for 30 min on ice with 
receptors before the addition of the probe. Only bands representing 
shifted heterodimer and antibody-supershifted complexes (Upper, 
left two lanes) are shown. The amount of monomer bound to DR 
oligonucleotides was <20% of the amount of dimer bound to the DR 
probes. hRXRa alone did not form any protein/DR oligonucleotide 
complexes under the conditions used. 
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Fig. 4. rUR modulation of hRXRa, hRARa, and hTR0- 
dependent transactivation of reporter genes. (A) Transcriptional 
activation of a DR-4-CAT reporter plasmid in COS-1 cells by 
transiently expressed rUR, in combination with hRXRa and hTR0. 
3,3' ,5-Triiodo-L-thyronine (T 3 , 100 nM) and/or 9-cu-retinoic acid 
(9c-RA, 50 nM) was added to cell cultures as indicated. (E) Selective 
inhibition by rUR of gene transactivation by hRXRa/hRARa het- 
erodimer (Left) and hRXRa homodimer (Right) in COS-1 cells. 
AIl-fraw-RA (f-RA, 1 ^M) t-RA or 9c-RA (50 nM) was added to cell 
cultures as indicated. (C) Transcriptiona' ictivation and inhibition by 
caiboxyl-terminal truncation mutants of rUR in COS-1 cells cotrans- 
fected with a DR-4 or DR-5 reporter gene. Expression vectors 
containing cDNAs encoding full-length rUR or one of the three 
carboxyl-terminal deletion mutants si .own at the bottom jvere co- 
transfected with a hRXRa expression vector. 

hRXRa and hTR/3 further induced CAT activity, presumably 
through the additive activities of hRXRa homodimers and 
hTR^/hRXRa heterodimers, although similar high activity 
was generated with hRXRa and 9c-RA alone. This increase 
in CAT activity was repressed by expression of rUR to the 
level observed in cells coexpressing only hRXRa and rUR, 
suggesting that rUR repressed the 9c-RA/RXR-dependent 
CAT activity through the formation of rUR/hRXRa het- 
erodimers, which tiansactivate the reporter gene less effec- 
tively. Also, rUR homodimers bound to DR-4 in gel shift 
assays (data not shown) but showed little transcriptional 
activity (Fig. 4A) and may have competed with hTR/5/ 
hRXRa heterodimers for the DRt4 response element. Coex- 
pression of rUR repressed T 3 -dependent hTRjS stimulation of 
CAT activity (Fig. 4A): This may have been due to the 
formation of rUR/hTRjs heterodimers, since we also have 
observed rUR/hTR/J (but not rUR/hTRa) heterodimers 
complexed to DR-4 by gel shift analysis. 

UR Modulation of RAR- and RXR-Dependent Transactiva- 
tion. Coexpression of hRARa and hRXRa activated CAT 
expression from reporter plasmids containing DR-3, DR-4, 
and DR-5 response elements, although the level of transac- 
tivation with DR-3 was only about 20% of that on DR-4 and 
DR-5 (Fig. 45 Left). This f-RA-dependent CAT gene activa- 
tion by hRARa/hRXRa was virtually abolished by coexpres- 
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sion of rUR in cells transfected with the DR-4 reporter 
plasmid, but not in cells transfected with the DR-3 or DR-5 
reporter plasmids. This specificity may reflect the response 
element-binding affinity and transcriptional activity of the 
various homo- and heterodimers present in the transfected 
cell. rUR homo- and heterodimers bind best to DR-4 but have 
relatively poor transcriptional activity compared with 
hRARa/hRXRa, whereas hRARa/hRXRa binds best to 
DR-5 and has high transcriptional activity. CAT activity 
induced by 9c-RA in cells transfected with a hRXRa expres- 
sion vector and DR-1 , DR-3 , DR-4, or DR-5 reporter plasmids 
was also inhibited by coexpression of rUR (Fig. 4B Right), 
This inhibition might have been due to the formation of 
rUR/hRXRa heterodimers, which have lower transcriptional 
activity, and reduction in the level of RXR homodimers 
which have higher transcriptional activity. 

RAR/RXR heterodimers have been shown to transactivate 
reporter gene expression through DR elements with various 
nucleotide spacings (25). DR-1 and DR-2 elements have also 
been reported to be RAR response elements (26). However, 
the most potent natural RAR response elements are most 
similar to DR-5 (4). The ability of rUR to inhibit the tran- 
scriptional activity of hRARa/hRXRa heterodimers on DR-4 
but not DR-5 elements is potentially significant, since this 
selective inhibition may enable r-RA -induced RXR/RAR- 
dependent transactivation to occur only in genes under the 
control of a DR-5 element when UR is present. 

Evidence for the Involvement of the Carboxyl Terminus of 
UR in the Regulation of RXR-Dependent CAT Expression. 
Three rUR carboxyl-terminal deletion mutants (URB, URN, 
and URH; see Fig. 4) were constructed and tested for their 
ability to modulate gene expression (Fig. AC). The three 
truncation mutants, including URB, which lacked only 7 aa 
at the carboxyl terminus, were not as effective as the full- 
length UR in stimulating CAT gene transactivation in con- 
junction with RXR. When cells were transfected with the 
DR-5-CAT reporter plasmid, both UR and URB inhibited 
9c-RA/hRXRa-dependent induction of CAT activity. This 
inhibition was much less when URH was used. URH lacks 
the LBD, which may be important for receptor dimerization. 

Biological Significance. Although the makeup of the natural 
response elements for UR, RXR, RAR, and TR in the control 
regions of various genes is undoubtedly more complex than 
the synthetic DR sequences used in this study, the interaction 
of UR with RXR as well as UR modulation of gene transac- 
tivation by TR and RAR suggest a mechanism in which a 
number of nuclear receptors of this subfamily, possibly 
including some yet to.be discovered, interact in a composite 
fashion to yield a net transcriptional activity in the cell 
nucleus for a given response element. This net transcriptional 
activity would additionally be dependent upon the presence 
of receptor ligands and the particular structure of the re- 
sponse element. The ability of UR to selectively inhibit gene 
tr^sactivatjLojL^ is 
similar to the effect of the orphan receptor COUP-TF, which 
also acts as a negative regulator of the RA response pathway 
with certain response elements (27). However, in contrast 
with UR, COUP-TF does not form heterodimers with RXR 
in gel shift assays but forms homodimers that compete for 
binding to response elements. Since UR has the potential to 


modulate the thyroid hormone signal pathway, it is reason- 
able to consider whether abnormality in UR function is 
responsible for some cases of thyroid hormone dysfunction. 
The ability of UR to restrict transactivation by RAR to 
specific response elements may indicate a potentially impor- 
tant physiological function for UR. 
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The diverse function of retinoic acid (RA) is mediated 
by its nuclear receptors, the retinoic acid receptors 
(RARs) and retinoid X receptors (RXRs). However, 
the RA response is often lost in cancer cells that express 
the receptors. Previously, it was demonstrated that the 
RA response is regulated by the COUP-TF orphan 
receptors. Here, we present evidence that nur77, 
another orphan receptor whose expression is highly 
induced by phorbol esters and growth factors, is 
involved in modulation of the RA response. Expression 
of nur77 enhances ligand-independent transactivation 
of RA response elements (RAREs) and desensitizes 
their RA responsiveness. Conversely, expression of 
COUP-TF sensitizes RA responsiveness of RAREs by 
repressing their basal transactivation activity. Unlike 
the effect of COUP-TFs, the function of nur77 does 
not require direct binding of nur77 to the RAREs, but 
is through interaction between nur77 and COUP- 
TFs. The interaction occurs in solution and results in 
inhibition of COUP-TF RARE binding and transcrip- 
tional activity. Unlike other nuclear receptors, a large 
portion of the carboxy-terminal end of nur77 is not 
required for its interaction with COUP-TF. In human 
lung cancer cell lines, COUP-TF is highly expressed 
in RA-sensitive cell lines while nur77 expression is 
associated with RA resistance. Stable expression of 
COUP-TF in nur77-positive, RA-resistant lung cancer 
ceils enhances the inducibility of RARp gene expression 
and growth inhibition by RA. These observations 
demonstrate that a dynamic equilibrium between 
orphan receptors nur77 and COUP-TF, through their 
heterodimerization that regulates COUP-TF RARE 
binding, is critical for RA responsiveness of human 
lung cancer cells. 

Keywords: lung cancer/orphan receptors/receptor 
dimerization/retinoic acid receptors/retinoic acid 
sensitivity 


Introduction 

Retinoic acid (RA) and its natural and synthetic vitamin 
A derivatives, retinoids, are known to regulate a broad 
range of biological processes, and are used currently 
in the treatment of epithelial cancer and promyelocytic 
leukemia (Gudas et aL, 1994; Hong and Itri, 1994). 


However, retinoid resistance associated with many 
different types of cancer has prevented retinoids from 
further application (Warrell et aL, 1993; Hong and Itri, 

1994) . The effects of retinoids are mediated mainly by 
two classes of nuclear receptors: the retinoic acid receptors 
(RARs) and the retinoid X receptors (RXRs) (Zhang and 
Pfahl, 1993; Kastner et aL, 1995; Mangelsdorf and Evans, 

1995) . RARs and RXRs are members of the steroid/ 
thyroid hormone receptor superfamily that also includes 
a number of orphan receptors whose iigands and function 
remain to be determined. They modulate the expression 
of their target genes by interacting as either homodimers 
or heterodimers with RA response elements (kAREs). 
Some of the target genes are RARs themselves, including 
the RARp gene where a RARE ((3 RARE) was identified 
in its promoter region, which mediates up-regulation of 
RARP by RA in many different cell types (de The et aL, 
1990; Hoffmann et aL, 1990; Sucov et aL, 1990). 

Although the expression of RARs and RXRs is essential 
for the RA response, we and others recently have demon- 
strated that it is not sufficient to render RA target genes 
responsive to RA (van der Leede et aL, 1993; Zhang 
et aL, 1994; Kim et aL, 1995). In lung cancer cell lines, 
RARs and RXRs are well expressed, but the majority of 
the cell lines are RA resistant, and RA-responsive genes, 
such as the RARP gene, could not be induced by RA 
(Zhang et aL, 1994). The loss of RARP inducibility by 
RA is particularly interesting since we have observed 
recently that up-regulation of the RARp gene by RA 
correlates with RA-induced growth inhibition in breast 
cancer cell lines (Liu et aL, 1996) and in lung cancer cell 
lines (Zhang et aL, 1996). In RA-sensitive cancer cell 
lines, expression of RARP is strongly induced by RA. In 
contrast, RA had little effect on RARp expression in RA- 
resistant cancer cell lines. In vivo, up-regulation of RARP 
is associated with clinical response in patients with pre- 
malignant oral lesions (Lotan et aL, 1995). In the course 
of investigating the mechanism by which RARp is not 
induced by RA, we found that the expression of transfected 
RARs and/or RXRs could not restore RA responsiveness 
of the pRARE in certain lung cancer cell lines (Zhang 
et aL, 1994). These observations suggest that sensitivity 
to RA of lung cancer cells is also influenced by factors 
other than RARs and RXRs. One of the factors known to 
regulate the RA response is COUP-TF. COUP-TF is 
encoded by two distinct genes, COUP-TFI (ear-3) 
(Miyajima et aL, 1988; Wang et aL, 1989) and COUP- 
TFEI (ARP-1) (Ladias and Karathanasis, 1991), that are 
orphan members of the nuclear receptor superfamily 
(Zhang and Pfahl, 1993; Kastner et aL, 1995; Mangelsdorf 
and Evans, 1995). Several studies recently have demon- 
strated that COUP-TF can repress transcription induced 
by a number of nuclear receptors including RARs, thyroid 
hormone receptors (TRs) and vitamin D receptor (VDR) 
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(Cooney et ai, 1992; Kliewer et ai, 1992; Iran et ai, 
1992; Widom et ai, 1992), probably due to its competition 
for DNA binding of the receptors. The binding specificity 
of COUP-TFs exhibits a strong preference for those bound 
by retinoid receptors, suggesting that COUP-TFs are 
probably involved in the regulation of RA target genes. 

Nur77 (also known as NGFI-B and TR3) (Chang and 
Kokontis, 1988; Hazel et ai, 1988; Milbrandt, 1988) is 
another orphan member of the nuclear receptor super- 
family. It is induced rapidly by a variety of growth stimuli, 
including growth factors and phorbol esters (Hazel et ai, 
1988; Milbrandt, 1988; Williams and Lau, 1993; Lim 
et ai, 1995). How nur77 functions to mediate the growth 
signaling remains largely unknown. Nur77 binds to its 
recognition element (NBRE) as a monomer (Wilson et ai, 
1991). The NBRE consists of the half-site binding motif 
(AGGTCA) of RAR/TR/VDR with two additional adenine 
nucleotides at its 5' end (AAAGGTCA) (Wilson et ai, 
1991). interestingly, such sequences are found in the 
RARP gene promoter and are located within the PRARE 
(Perlmann and Jansson, 1995). Investigation of the binding 
of nur77 on the PRARE demonstrates that nur77 can bind 
to the PRARE as a heterodimer with RXR (Forman et ai, 
1995; Perlmann and Jansson, 1995). These observations 
suggest that nur77 may be involved in the regulation of 
RARP gene expression and may function to mediate 
the interaction between retinoid and growth signalings 
(reviewed in Leblanc and Stunnenberg, 1995). 

In the course of investigating the effect of nur77 on 
RA-induced RARP gene expression, we found that nur77 
could significantly enhance the transactivation activity of 
RAREs in a RA and RARE binding-independent manner. 
By using a variety of approaches, we demonstrate that the 
effect of nur77 is due to inhibition of COUP-TF RARE 
binding through direct protein-protein interaction. Transi- 
ent transfection analysis reveals that COUP-TF RARE 
binding functions to sensitize the RA responsiveness of 
RAREs and, conversely, that nur77 desensitizes RAREs 
through its ability to inhibit COUP-TF RARE binding. In 
human lung cancer cell lines, loss of RA sensitivity 
is associated with overexpression of nur77 and/or low 
expression levels of COUP-TF, and can be restored by 
introduction and expression of COUP-TF. These results 
reveals a novel regulatory mechanism established through 
heterodimerization of orphan receptors nur77 and COUP- 
TF, that is expected to play an important role in the 
regulation of retinoid sensitivity of lung cancer cells, and 
in the cross-talk between growth factors and vitamin A 
signal transduction pathways in the cells. 

Results 

Nur77 enhances RARE activity in an 
RA-independent manner 

We have shown recently that induction of RARP by RA 
mediates the growth inhibitory effects of retinoids in human 
breast cancer and lung cancer cells (Liu et ai, 1996; Zhang 
et ai, 1996). RA-induced RARP expression is mediated 
mainly by the PRARE in its promoter. To investigate the 
effect of nur77 on the transactivation of the PRARE, the 
pRARE-tk-CAT that contains the PRARE cloned into 
pBLCAT 2 (Hoffmann et ai, 1990) was used as a reporter 
gene and was transiently transfected into CV-1 cells. When 


nur77 expression vector was co-transfected, both til-trans 
RA- and 9-cis RA-induced reporter gene activities were 
enhanced in a concentration-dependent manner (Figure 1). 
Co-transfection of 200 ng of nur77 expression vector 
resulted in an -2-fold increase of the reporter activity when 
cells were treated with til-trans RA. Surprisingly, the basal 
transcription of the reporter was even greatly increased, 
with -5-fold enhancement. The effect of nur77 was specific 
to the pRARE because addition of nur77 did not show any 
activity on the parental pBLCAT 2 reporter. To investigate 
the possibility that the nur77 response is due to the presence 
of an NBRE within the PRARE, we changed two adenines 
in the spacing region of the PRARE to mutate the NBRE 
(Figure 1A). The mutations introduced do not affect the 
consensus half-site binding motifs of RAR/RXR hetero- 
dimers. The resulting element (ApRARE) was cloned into 
pBLCAT 2 and used as a reporter. When the reporter was 
analyzed, we observed a similar increase in its basal tran- 
scription by co-transfection of nur77 expression vector 
(Figure 1). This observation suggests that the presence of 
an NBRE in the PRARE is not essential for the enhancing 
effect of nur77. To determine whether the enhancing effects 
of nur77 could be extended to other hormone response 
elements, reporter constructs containing the tk promoter 
linked to either TREpai, ApoAI-RARE, CRBPI-RARE, 
lactoferrin-RARE, CRBPII-RARE, a thyroid hormone- 
specific response element (MHC-TRE) or a CAT reporter 
containing the RARP gene promoter from -60 to +70, 
including the PRARE (Hoffmann et ai, 1990), were trans- 
fected into CV-1 ceils with or without nur77 expression 
vector. Similarly to the effect on the PRARE, various 
degrees of enhancement by nur77 were observed with all 
the reporter constructs except the reporter containing MHC- 
TRE (Table I), suggesting that the effect of nur77 may be 
specific to RAREs. Thus, nur77 can enhance the transactiv- 
ation of various RAREs in an RA-independent manner. 

The effect ofnurll on RAREs does not require direct 
nur77-RARE interaction 

To investigate whether the enhancement of RARE activity 
by nur77 is due to its binding to the elements, gel retardation 
assays were performed. When the PRARE was used as a 
probe, nur77 alone did not exhibit clear binding- (Figure 
2A). However, a strong complex was formed when nur77 
was mixed with RXR. The complex could be upshifted by 
anti-nur77 antibody and abolished by anti-RXR antibody, 
demonstrating that the complex represents RXR/nur77 
heterodimers. When the APRARE was used as a probe, we 
did not see any binding of the RXR/nur77 heterodimers 
(Figure 2B). As a control, RXR/RAR heterodimers formed 
a strong complex with the element. These data indicate that 
the integrity of the NBRE within the PRARE is required for 
efficient RXR/nur77 binding. We also analyzed the binding 
of nur77 to other RAREs, such as TREpai, CRJ3PI-RARE, 
CRBPII-RARE and ApoAI-RARE, and we did not detect 
any binding of nur77 to these elements either in the presence 
or absence of RXR or RAR, except a weak RXR/nur77 
heterodimer binding to the CRBPII-RARE (data not 
shown). Together, these results indicate that nur77 enhances 
the activities of different RAREs via a mechanism that is 
unlikely to involve a direct nur77/RARE interaction. 
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Fie. 1. RA-independent enhancement of RARE activities by nur77. (A) Sequence comparison of pRARE and ApRARE. Arrows indicate acceptor- 
binding core motifs. The nur77 binding site (NBRE) is boxed and is also indicated by the dashed arrow. Two n^leoUdes (in bold) of the NBRE 
werTmutated in the ApRARE. (B) Nur77 promotes pRARE and ApRARE activities. CV- 1 cells were transfected with 100 ng of the mdicated CAT 
reporter gene together with the indicated amounts of nur77 expression vector. Cells were treated with either all-trans RA (striped bar), 9-c« RA 
(dotted bar) or no hormone (filled bar), and 24 h later assayed for CAT activity. CAT activity was normalized for transfection efficiency to the 
corresponding p-gal activity. Data shown represent the means of three independent experiments. 


Table I. Nur77 activities on various RAREs and TRE 


Reporter Fold induction 

-Ligand +Ligand 


RARp promoter 4.5 

TREpal 4.6 

ApoAI-RARE 3.5 

CRBPI-RARE 7.9 

CRBPH-RARE 4.8 

Lactoferrin-RARE 8.3 

MHC-TRE 1.1 


CV-1 cells were transfected with 100 ng of CAT reporter genes 
containing the indicated RARE or TRE together with 200 ng of nur77 
expression vector. Cells were treated with either all-trans RA 
(lO -7 M) (for RAREs), thyroid hormone (1(T 7 M) (for MHC-TRE) or 
no hormone, and 24 h later assayed for CAT activity. CAT activity 
was normalized for transfection efficiency to the corresponding p-gal 
activity. Fold induction represents the ratio between relative CAT 
activity before and after transfection of nur77. 


Nur77 inhibits COUP-TF DNA binding 

The above data suggest that nur77 may function to repress 
the activity of an inhibitor on RAREs, thereby alleviating 
its inhibition. We then investigated the possibility that 
nur77 affects the binding of COUP-TFs that are known 
to bind to and restrict transcription of various RAREs 
(Cooney et at., 1992; Kiiewer et a/., 1992; Tran et aL, 
1992; Widom et al, 1992). We first examined the effect 
of nur77 on COUP-TF binding to the pRARE. COUP- 
TFI or COUP-TFII formed a strong complex with the 
pRARE (Figure 3A). However, when nur77 protein was 
added, the COUP-TF-RARE binding complex was 
inhibited. The inhibition was very efficient in that a 1 M 


excess amount of nur77 significantly inhibited the COUP- 
TF binding and was also specific, as a similar amount of 
RAR had no effect on the binding (Figure 3A). This result 
suggests that nur77 may interact with COUP-TF, resulting 
in formation of nur77/COUP-TF heterodimers that cannot 
bind to the pRARE. We next investigated whether this 
interaction could affect nur77/RXR heterodimer binding 
to the PRARE. When COUP-TFI or COUP-TFII was 
incubated with nur77 and RXR, the binding of RXR/nur77 
to the PRARE was also inhibited efficiently (Figure 3B). A 
2 M excess amount of COUP-TFI or COUP-TFII was 
sufficient to inhibit nur77/RXR heterodimer binding. When 
a larger amount of COUP-TFI or COUP-TFII was used, the 
nur77/RXR heterodimer binding was completely inhibited 
and binding of COUP-TF appeared. Thus, nur77 and 
COUP-TF can inhibit each other's DNA binding to the 
PRARE. Nur77 could also inhibit COUP-TF binding to 
other RAREs, such as TREpal, CRBPI-RARE, CRBPH- 
RARE, and ApoAI-RARE, although the efficiency of 
inhibition varied among these elements (data not shown). 
Together, these data demonstrate that inhibition of COUP- 
TF DNA binding by nur77 is probably responsible for its 
enhancement of transactivation activity of RAREs. This 
is supported by our observation that COUP-TF could not 
bind to the MHC-TRE (data not shown) which did not 
show any response to nur77 (Table I). 

Interaction of nur77 and COUP-TF in solution 

To provide evidence that inhibition of COUP-TF DNA 
binding by nur77 on RAREs was due to a direct interaction 
of nur77 and COUP-TF in solution, we first performed an 
immunoco-precipitation assay using anti-nur77 antibody 
(Figure 4A). When 35 S-labeled COUP-TFI or COUP-TFII 
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Fig. 2. Binding of nur77 to pRAREs. (A) Nur77 forms heterodimers with RXR on the {3 RARE. Equal amounts of in vitro synthesized nur77 and 
RXR were incubated alone or together at room temperature for 10 min. The reaction mixtures were then incubated with 32 P-Iabeled pRARE and 
analyzed by gel retardation assay. When antibody (Ab) was used, it was incubated with receptor protein for 30 min at room temperature before 
performing the gel retardation assay. (B) Analysis of nur77 binding to ApRARE in the presence or absence of RAR or RXR An equal amount of 
nur77 was incubated alone or together with RAR or RXR prior to performing the gel retardation assay using the indicated ApRARE as a probe. For 
comparison, the binding of RAR/RXR heterodimers is shown. 


was mixed with nur77, each was precipitated by 
anti-nur77 antibody. The co-precipitation of COUP-TFI 
or COUP-TFII by anti-nur77 antibody was specific because 
neither could be precipitated by non-specific pre-immune 
serum. In addition, incubation of anti-nur77 antibody with 
peptide used to generate anti-nur77 antibody prevented its 
precipitation. To study the interaction further, we cloned 
nur77 cDNA into pGEX-2T expression vector and 
expressed a GST-nur77 fusion protein in bacteria. The 
fusion protein was immobilized on glutathione-Sepharose 
beads, and mixed with either -^S-labeled COUP-TFI or 
COUP-TFII protein. For comparison, labeled RARoc and 
RXRa were used. As shown in Figure 4B, the labeled 
COUP-TFI or COUP-TFII protein bound specifically to 
nur77-immobilized Sepharose beads but not to the control 
beads, demonstrating the specific interaction between 
nur77 and COUP-TF in solution. Under the conditions 
used, we did not observe a clear binding of RARot 
or RXRa to the nur77-irnmobiiized Sepharose beads, 
suggesting that interaction between nur77 and COUP-TF 
in solution is much stronger than nur77-RXR interaction. 
To study whether nur77 and COUP-TF could interact 
in vivo, we cloned nur77 in- frame into the yeast expression 
vector pGAD424 that contains the Gal4 activation domain, 
and COUP-TF into the yeast expression vectors pGBT9 
that contains the Gal4 DNA-binding domain (DBD). The 


resulting vectors, pGBT9/nur77 and pGAD424/COUP-TF, 
were analyzed for their interaction in vivo by the yeast 
two-hybrid system (Bartel et a/., 1993). Transformation 
of either COUP-TF and empty vector pGAD424, or nur77 
and empty vector pGBT9 into Y190 yeast cells could not 
activate the LacZ reporter containing the Gal4-binding 
site. However, when COUP-TF was transformed together 
with nur77 the reporter was strongly activated (Figure 5). 
Thus, nur77 and COUP-TF can interact in intact cells. 
Together, these data demonstrate that nur77 can inhibit 
COUP-TF DNA binding through a direct protein-protein 
interaction. 

Nur77 regions required for interaction with 
COUP-TF 

Nuclear receptors are characterized by a highly conserved 
DBD, a well conserved ligand -binding domain (LBD) 
located at the carboxy-terminal half of the receptor. In addi- 
tion to ligand binding, the C-terminal region is critical in 
receptor homo- and heterodimerization (Zhang and Pfahl, 
1993; Kastner et a/., 1995; Mangelsdorf and Evans, 1995). 
To determine whether a similar domain of nur77 is employed 
in the interaction with COUP-TF, two deletion mutants of 
nur77, Anur77-1 and Anur77-2, were constructed (Figure 
6A) and tested for their interaction with COUP-TF by the 
yeast two-hybrid assay (Figure 6B). In Anur77- 1 , a segment 
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of amino acids from 168 to 468 was removed, whereas 
in Anur77-2, 126 amino acids were deleted from the 
C-terminal end of nur77. Both mutants were cloned in- 
frame into pGAD424, The resulting vectors, pGAD424- 
Anur77-1 and pGAD424-Anur77-2, were analyzed for then- 
interaction with COUP-TF. Co-expression of Anur77-1 and 


COUP-TF did not show any activation of the reporter, sug- 
gesting that the deleted region is required for nur77 to 
interact with COUP-TF. Unexpectedly, the expression of 
Anur77-2 together with COUP-TF strongly activated the 
reporter to a degree similar to that observed with wild- 
type nur77. Further deletion of 28 amino acids from the 
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Fig. 5. Nur77 interacts with COUP-TF in yeast. The nur77 and 
COUP-TFI cDNAs were cloned into the yeast expression vectors 
pGAD424 (424) and pGBT9 (9), respectively. The resulting expression 
vectors, 424/nur and 9/COUP, were introduced into Y 190 yeast cells 
as indicated. p-Galactosidase activity was assayed from a yeast strain 
Y190 containing the LacZ reporter plasmid to study the in vivo 
interaction. The p-galactosidase activity measured with the indicated 
combinations of yeast expression vectors is shown for comparison. 


C-terminal end of Anur77-2 did not affect its interaction 
with COUP-TF (data not shown). These data demonstrate 
that a putative domain is utilized by nur77 to interact with 
COUP-TF. We also analyzed the domain requirement of 
COUP-TF. In contrast to nur77, deletion of a region encom- 
passing the DBD (ACOUP-TF-1) or 116 amino acids from 
the C-terminal end (ACOUP-TF-2) completely abolished 
its interaction with nur77, suggesting that both regions are 
required. 

To investigate the interaction of the mutants further, a 
gel retardation assay was conducted by using the PRARE 
as a probe (Figure 6C). Similarly to what was observed 
with wild-type nur77 (Figure 3A), Anur77-2 effectively 
inhibited the binding of COUP-TF to the pRARE. In 
contrast, Anur77-1 did not show any effect. When the 
effect of COUP-TF mutants on nur77/RXR heterodimer 
binding was analyzed, we did not observe any inhibition 
of nur77/RXR binding. To study whether Anur77-2 
retained its ability to enhance the basal activity of RAREs, 
Anur77-2 cloned into the pECE expression vector was 
transfected into CV-1 cells together with pRARE-tk-CAT 
(Figure 6D). Like wild-type nur77, Anur77-2 could also 
enhance the reporter activity in a RA-independent manner. 
Similar results were obtained when reporters containing 
other RAREs were used (data not shown). These gel 
retardation and transfection data are consistent . with the 
yeast two-hybrid results and suggest that the interaction 
between nur77 and COUP-TF is mediated by a mechanism 
that is different from that employed by many other nuclear 
receptors. 


Receptors Nur77 and COUP-TF modulate RA responses 

Antagonistic effect of nur77 and COUP-TF on 
modulating the RA sensitivity of RAREs 

The previous demonstration that COUP-TF can inhibit 
RA- induced activity was based mainly on transient co- 
transfection assays where COUP-TF might be over- 
expressed (Cooney et ai, 1992; Kliewer et aL, 1992; Tran 
et aL, 1992; Widom et aL, 1992). We then examined the 
effect of various concentrations of COUP-TF on the 
PRARE activity. Co-transfection of larger amounts of 
COUP-TF expression vector with the pRARE-tk-CAT 
reporter almost completely inhibited RA-induced reporter 
activity, consistent with previous results (Cooney et aL, 
1992; Kliewer et aL, 1992; Tran et aL, 1992; Widom 
et aL, 1992). However, at low concentrations (1, 5 or 
10 ng), COUP-TF either did not affect or even slightly 
enhanced the RA-induced PRARE activity (Figure 7A). 
At these concentrations, COUP-TF significantly inhibited 
the basal activity of the reporter, resulting in an increase 
of RA-dependent fold induction of the pRARE activity 
(Figure 7B). Without co-transfection of COUP-TF, a 
4- fold induction by RA was seen. However, when 10 ng 
of COUP-TF expression vector was co-transfected, we 
observed a 14-fold induction of reporter activity in 
response to RA. These data are in agreement with observ- 
ations made previously on the peroxisome proliferator 
responsive element (PPRE) (Baes et aL, 1995) and ApoAI- 
RARE (Widom et aL, 1992), where co-transfection of 
COUP-TF enhanced the hormonal sensitivity of both 
responsive elements. Thus, COUP-TF, at appropriate con- 
centrations that are likely to occur in most cells, can 
enhance the RA sensitivity of the PRARE. To analyze the 
effect of nur77 on COUP-TF activity, we co-transfected 
nur77 expression vector together with COUP-TF. As 
shown in Figure 7A, the inhibition of basal transcription 
of the PRARE by COUP-TF was alleviated completely 
when nur77 was co-transfected, resulting in a decrease in 
RA-dependent fold induction of the PRARE activity 
(Figure 7B). These data, together with the results shown 
in Figure 1, demonstrate that nur77 can desensitize the 
RA responsiveness of RAREs by antagonizing COUP-TF 
transcriptional activity. 

Expression of nur77 and COUP-TF in human lung 
cancer cell lines 

The above observations prompted us to investigate whether 
expression levels of nur77 and COUP-TF correlate with 
RA sensitivities observed in various lung cancer cell lines 
(Figure 7). These cancer cell lines displayed various 
degrees of RA sensitivity in inducing PRARE despite the 
fact that RARs and RXRs are well expressed (Zhang 
et aL, 1994; data not shown). Although the degree of RA 
induction of PRARE activity may also depend on levels 
of retinoid receptors expressed in the cell lines, we found 
a perfect correlation between COUP-TF expression and 
RA induction of PRARE activity (Figure 8). COUP-TF 
was well expressed in Calu-6, H460, H596, SK-MES-1 
and H661 lung cancer cell lines, in which PRARE activity 
was highly induced by RA. In contrast, COUP-TF tran- 
scripts were not detected in other cancer cell lines in which 
the PRARE was not induced by RA. These observations 
suggest that the expression of COUP-TF in these cancer 
cell lines does not repress RA-induced transactivation 
activity but is required for RA-dependent transactivation 
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Fig. 6. Domain requirements for nur77-COUP-TF interaction. (A) Schematic representation of the nur77 and COUP-TF deletion mutants. The 
DNA-binding domain (DBD) and iigand-binding domain (LBD) are indicated. Amino acid numbers are indicated above the bar. (B) Anur77-2 
interacts with COUP-TF in yeast Anur77-1 and Anur77-2 were closed into the pGAD424 vector in-frame and ACOUP-TF-1 and ACOUP-TF-2 were 
cloned into pGBT9 in-frame. The resulting expression vectors, 424/Anur-l. 424/Anur-2, 9/ACOUP-l and 9/ACOUP-2, were ; introduced into. yeast 
Y190 cells as indicated. b-Gal activity was measured in yeast cells. For comparison, the interaction between wild-type nur77 and COUP-TF is 



with 100 ng of pRARE-tk-CAT together with the indicated amounts of Anur77-2 expression vector. Cells were treated with or without 10" all-rmm- 
RA and assayed for CAT activity. The effect of the wild-type nur77 is shown for comparison. 


of the pRARE. Hence, COUP-TF may sensitize pRARJE 
responsiveness to RA through its binding to the element. 
When the expression of nur77 was analyzed, we found 
that it was highly expressed in RA-resistant H520 and 
H292 lung cancer cell lines. Although high levels of nur77 


were also observed in RA-sensitive H661 and H460 cell 
lines, these cell lines expressed significant amounts of 
COUP-TF, that may counteract the effect of nur77. Under 
the conditions used, we did not detect expression of nur77 
in the RA-resistant H441 cell line. It is likely that factors 
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Fig. 7. Modulation of RA sensitivity of pRARE by COUP-TF and nur77. (A) pRARE-tk-CAT was co-transfected with the indicated amounts of 
nur77 and/or COUP-TF into CV-1 cells. Cells were treated with or without 1CT 7 M ah-trans RA, and 24 h later assayed for CAT activity. Data 
shown represent the means of three independent experiments. (B) The same data were plotted to indicate the fold activation by RA. 
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Fig. 8. Expression of COUP-TF and nur77 and RA-dependent pRARE activity in human lung cancer cell lines. Total RNAs were prepared from the 
indicated human lung cancer cell lines treated with or without KT 6 M all-trans RA for 24 h and analyzed for the expression of COUP-TF and nur77. As a 
control, the expression of p-actin is shown. pRARE activity represents the fold induction by all-/rww RA as determined by transient transfection assay 
using the pRARE-tk-CAT as a reporter. 


other than nur77 may be responsibie for RA resistance in 
these cells. 

Dynamic balance of nur77 and COUP-TF regulates 
RA sensitivity in human lung cancer cell lines 

In our previous studies, we observed that RARP was 
differentially expressed in several human lung cancer 
cell lines (Zhang et ai, 1994). RARP was not expressed 
in Calu-6 lung cancer cells but its expression was 
greatly induced by RA treatment. In contrast, RARp 
was highly expressed in H292 lung cancer cells but in 
an RA-independent manner (Figure 9A). COUP-TF is 
expressed in RA-sensitive Caiu-6 but not in RA-resistant 
H292 cells, whereas nur77 is expressed in H292 but 
not in Calu-6 cells. This suggests that relative expression 
levels of COUP-TF and nur77 may affect expression 
of the RARP gene. We therefore analyzed whether 
co-transfection of nur77 or COUP-TF affects the RA 
sensitivity of the PRARE in Calu-6 and H292 cells. 
We first investigated the effect of nur77 in RA-sensitive 
Calu-6 cells (Figure 9B). When nur77 expression vector 
was co-transfected together with the PRARE-tk-CAT 
into the ceils, we observed an increase in basal activity 


and a decrease in RA-dependent fold induction of the 
reporter. Co-transfection of 50 ng of nur77 expression 
vector reduced RA-dependent PRARE activity from 
7-fold to 2-fold. This result suggests that the high 
sensitivity of Calu-6 cells to RA may be due to a low 
expression level of nur77. We next analyzed the effect 
of COUP-TF on RA-resistant H292 cells (Figure 9C). 
Co-transfection of COUP-TF expression vector with the 
pRARE-tk-CAT into the cells reduced basal reporter 
activity while RA-induced activity was not clearly 
affected. In the absence of COUP-TF, we did not see 
a clear effect of RA on PRARE activity. However, 
when 20 ng of COUP-TF expression vector was co- 
transfected, we found a 3-fold induction of the PRARE 
activity by RA. This data demonstrates that loss of RA 
sensitivity in H292 cells may be due to a low level of 
COUP-TF in the cells. In addition, nur77 expressed in 
H292 cells may further inhibit the COUP-TF effect. 
Thus, a dynamic balance of nur77 and COUP-TF is 
important in regulating the RA sensitivity of the PRARE 
in these cancer cells and overexpression of nur77 and/ 
or lack of COUP-TF may be responsible for RA 
resistance in H292 cells. 


1663 


QWu et al. 



Fig 9 Modulation of RA sensitivity by COUP-TF and nur77 in human lung cancer cell lines. (A) Effect of RA in inducing RAR0 expression in 
Calu-6 and H292 ceU lines. Total RNAs were prepared from Calu-6 or H292 lung cancer cells treated with or without 1CT 6 M all-flwtv RA for 24 h 
and analyzed for the expression of RARp. For comparison, expression of nur77 and COUP-TF is shown. The expression of b-actin is used as a 
control (B) Nur77 decreases RA sensitivity in Calu-6 cells. pRARE-tk-CAT was co-transfected with the indicated amounts ofCOUP-TFI into 
Calu-6 cells The cells were treated with (filled bars) or without (empty bars) 10~ 7 M all-frwiff RA for 24 h, and assayed for CAT activity. Data 
shown represent the means of two experiments. (Q COUP-TF enhances RA sensitivity in H292 cells, pRARE-tk-CAT was co-transfected with the 
indicated amounts of COUP-TFI into H292 cells. The cells were then treated with (filled bars) or without (empty bars) 10"' M nW-trans- RA for 24 h 
and assayed for CAT activity. Data shown are representative of four independent experiments. 


COUP-TF or COUP-TF-like protein forms a major 
complex with pRARE in RA-resistant lung cancer 
cells 

The above data suggest that COUP-TF may enhance 
RA sensitivity through its binding to RAREs. To test 
directly that COUP-TF expressed in RA-sensitive Calu-6 
lung cancer cells binds to RARE, nuclear proteins were 
prepared from Calu-6 cells and RA-resistant H292 cells 
and analyzed for their RARE binding by gel retardation 
using the PRARE as a probe. As shown in Figure 10, 
in addition to several weak complexes, a strong (3RARE- 
binding complex (indicated by the arrow) was observed 
with nuclear proteins from Calu-6 but not from H292 
cells. To determine whether COUP-TF contributed to 
the PRARE bindirfg, nuclear proteins from Calu-6 cells 
were incubated with anti-COUP-TF antibody prior to 
the gel retardation assay. Interestingly, the major pRARE- 
binding complex was completely upshifled by the anti- 
COUP-TF antibody, while binding of other weak binding 
complexes was not affected. Similar results were obtained 
when CRBPI-RARE was used as a probe (data not 
shown). Thus, these data clearly demonstrate that the 
binding of COUP-TF to the PRARE contributes to its 
effect on the RA sensitivity of the RARE in these lung 
cancer cell lines. 

Stable expression of COUP-TF restores RA 
sensitivity in RA-resistant human lung cancer 
cells 

The observations that nur77 and COUP-TF are differenti- 
ally expressed in RA-sensitive Calu-6 and RA-resistant 
H292 cells (Figure 8) and that they can antagonize 
each other's transcriptional activity (Figure 9) suggest 


0RARE 



Fig. 10. COUP-TF or COUP-TF-like protein contributes to the 
PRARE binding activity in an RA-sensitive, COUP-TF-positive Jung 
cancer cell line. Nuclear proteins were prepared from COUP-TF- 
positive Calu-6 and -negative H292 cells, and analyzed for their DNA 
binding activity using PRARE as a' probe. Nuclear proteins from 
Calu-6 cells were also analyzed for the effect of anti-COUP-TF 
antibody The arrow indicates the binding complex(es) present in 
Calu-6 but not in H292 cells. 

the possibility that constitutive expression of RARP in 
H292 cells may be due to overexpression of nur77 and 
lack of COUP-TF in the cells. To test whether expression 
of COUP-TF could antagonize the effect of nur77 and 
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H2B2 H292/COUP-TFI-2 H292/COUP-TFM 


Fig 11 Stable expression of COUP-TF in RA-resistant H292 cells restores their RA sensitivity. (A) Expression of the RAR0 gene in H292 an 
stable clones Total RNAs were prepared from Calu-6 and H292 human lung cancer cell lines treated with or without 10 M a\\-trans RA for 
and analyzed for the expression of RARp. In the control, the expression of p-actin is shown. (B) RA-induced growth inhibition in H292 and h 
stable clones that expressed transfected COUP-TF. Cells were seeded at 1000 cells per well in a 96-weIl plate and treated with the indicated 
concentrations of aU-trans RA for 6 days. The numbers of viable cells were determined by the MTT assay. 


sensitize RARP expression responsiveness to RA in 
H292 cells, we stably expressed COUP-TF in the cells. 
Two stable clones (H292/COUP-TFI-2 and H292/COUP- 
TFI-3) that expressed COUP-TF were subjected to 
analysis of their RARP gene expression in the absence 
or presence of RA. In the absence of RA, the level of 
RARP expression ' in these stable clones was largely 
reduced (Figure 11 A), consistent with our transient 
transfection results (Figure 9C). Surprisingly, when the 
stable clones were exposed to RA, the reduced level 
of RARP was significantly enhanced to the level 
observed in parental H292 cells (Figure 11 A). This, 
again, is consistent with our transient transfection data 
(Figure 9C), and provides strong evidence that appro- 
priate levels of COUP-TF expression do not inhibit 
RA-induced pRARE activity. RA did not significantly 
inhibit the growth of parental H292 cells (Figure 11B). 
However, it could now strongly inhibit the growth of 
the stable clones, with -85% inhibition observed when 
the cells were treated with 10" 6 M RA for 6 days 
(Figure 11B). Thus, the expression of COUP-TF could 
sensitize RA responsiveness of RARP expression and 
growth inhibition in RA-resistant H292 lung cancer 
cells by reducing the basal activity of the PRARE in 
the absence of RA. 

Discussion 

The diverse functions of RA are mediated mainly by 
RARs and RXRs. However, expression of RARs and 
RXRs is often not sufficient to render cells RA responsive. 
Here we provide evidence that orphan receptors COUP- 
TF and nur77 play a critical role in the regulation of RA 
responsiveness of various RA target genes through their 
modulation of RARE binding. COUP-TFs bind to a 


variety of RAREs and sensitize their RA responsiveness. 
Conversely, nur77 reduces RA sensitivity of RAREs 
through heterodimerization with COUP-TF, which results 
in inhibition of COUP-TF binding to RAREs. These 
observations reveal a novel mechanism that modulates RA 
responses through heterodimerization of orphan receptors 
COUP-TF and nur77. 

COUP-TFs function to sensitize the RA 
responsiveness of RAREs 

Results from several previous studies demonstrate that 
COUP-TFs function to inhibit RA-induced transactivation 
of RAREs (Cooney et a!., 1992; Kliewer et ai, 1992; 
Tran et aL, 1992; Widom et at, 1992). We demonstrate 
here that COUP-TFs may also function to sensitize the 
RA responsiveness of RA target genes by reducing their 
basal activity. In transient transfection assays in CV-1^ 
(Figure 7) and in lung cancer cells (Figure 9), expression 
of appropriate amounts of COUP-TF repressed the basal 
transcription of the PRARE-tk-CAT reporter while it had 
no effect on RA-induced reporter activity. This results in 
an increase of RA sensitivity of the PRARE (Figures 7 
and 9). In a previous study, Baes et al (1995) also 
observed that COUP-TF inhibited the basal level of the 
PPRE in the absence of exogenously added iigands. These 
observations suggest that the sensitizing effect of COUP- 
TF may represent a general regulatory mechanism of 
COUP-TF functions. The sensitizing effect of COUP-TF 
on RAREs is probably due to its binding to the elements 
since COUP-TF binds strongly to RAREs in vitro (Figure 
3). In addition, in RA-sensitive Calu-6 lung cancer cells, 
COUP-TF formed a strong complex with the PRARE, 
while such a complex was not seen in RA-resistant 
H292 lung cancer cells that constitutively express RARP 
(Figure 10). Hence, the binding of COUP-TF to RAREs 
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may prevent them from binding and activation by certain 
RA-independent activators, such as MB67 that binds and 
activates the (3RARE in an RA-independent manner (Baes 
et al, 1994). 

The notion that COUP-TF functions to maintain the 
RA sensitivity of RAREs by binding to the elements 
would require that the binding of COUP-TF be replaced 
by retinoid receptors once retinoids are available. This 
would suggest that retinoid receptors, upon binding to 
RA, gain affinity for RAREs. We demonstrated previously 
that binding of RXR homodimers to RAREs was promoted 
by its ligand 9-cis RA in vitro (Zhang et al, 1992b). 
Although RA does not show a clear effect on RAR/RXR 
heterodimer DNA binding in vitro (Zhang et al, 1992a,b), 
it was observed, by using in vivo footprinting, that RAR- 
RXR heterodimers do not occupy the pRARE in the 
absence of RA in PI 9 cells (Dey et al, 1994) and 
that RAR ligands can promote retinoid receptor PRARE 
binding in vivo (Chen et a/., 1996). Thus, it is likely that, 
in vivo, the ligand induces conformational changes of 
retinoid receptors so that they have a higher affinity for 
RARE, that would allow them to replace COUP-TF 
RARE binding, and subsequently RA responses. Whether 
liganded retinoid receptors are capable of replacing COUP- 
TF binding on a RARE may also depend on the binding 
affinity of COUP-TF for the RARE and expression levels 
of COUP-TF. For example, COUP-TF has a relatively 
low affinity for the PRARE (Tran et al, 1992) so that the 
binding of COUP-TFs may be easily replaced by liganded 
retinoid receptors. In contrast, the affinity of COUP-TFs 
for some other RAREs, such as TREpai, is much higher 
and the binding of COUP-TF to these RAREs may not 
be replaced easily by retinoid receptors even though 
they are complexed with ligands. This may explain our 
observations that certain RAREs, such as TREpai, could 
not be activated by RA-induced endogenous receptors in 
RA-sensitive Calu-6 cells while PRARE is highly activated 
in the same cells (data not shown). Similarly, endogenous 
receptors in CV-1 cells are sufficient to activate PRARE 
but not TREpai (Zhang et al, 1992b). Hence, COUP- 
TF may act to sensitize certain RAREs to their RA 
responsiveness while at the same time functioning as a 
silencer of other RAREs depending on RARE binding 
affinity and expression levels, 

Nur77 modulate* RARE activity through 
interaction with COUP-TF 

Nur77 is an immediate-early protein whose expression is 
induced rapidly by a variety of growth stimuli (Hazel 
et al, 1988; Milbrandt, 1988; Williams and Lau, 1993; 
Lim et al, 1995). However, the function of nur77 and its 
mechanism of action remain largely unknown. In the 
present study, we show that nur77 can enhance the 
transcriptional activity of a variety of RAREs in an RA- 
independent manner (Figure 1). Enhancement of RARE 
activity does not require a direct interaction of nur77 with 
RARE, since nur77, alone or in the presence of RAR or 
RXR, does not bind to RAREs except to the pRARE 
(Figure 2 and data not shown). Binding of nur77/RXR 
heterodimers to the PRARE may be an alternative mechan- 
ism to activate the pRARE since the heterodimers can be 
induced by certain RXR-selective retinoids (Forman et al, 
1995; Perlmann and Jansson, 1995). Our DNA binding 


experiments indicate that the effect of nur77 is mediated 
largely by its inhibition of COUP-TF RARE binding. A 
2 M excess of nur77 almost completely inhibited COUP- 
TF binding on the PRARE when nur77 was pre-incubated 
with COUP-TF (Figure 3). However, if COUP-TF is pre- 
bound to the RARE, it becomes relative refractory to the 
inhibitory action of nur77 (data not shown). The inhibition 
of COUP-TF RARE binding activity by nur77 is likely 
to be mediated by direct interaction between nur77 and 
COUP-TF in solution, as demonstrated by our irnmunoco- 
precipitation (Figure 4A) and GST pull down experiments 
(Figure 4B). By using the yeast two-hybrid assay, we 
show that the interaction can occur in vivo (Figure 5). In 
a transient transfection assay, nur77 can counteract the 
effect of co-transfected COUP-TF in CV-1 cells (Figure 
7). These observations clearly demonstrate that nur77 
exerts its effect on RAREs through interaction with COUP- 
TF, forming complexes that do not bind to the RAREs. 

We used deletion mutants to identify domains in COUP- 
TF and nur77 responsible for interaction. One surprising 
result is that a large portion of the putative LBD of nur77 
is not required for the interaction (Figure 6). This is 
unexpected because the C-terminal half of nuclear recep- 
tors is essential for homo- and heterodimerization of many 
nuclear receptors, such as RARs, RXR, T3R and VDR 
(Zhang and Pfahl, 1993; Kastner et al, 1995; Mangelsdorf 
and Evans, 1995). Our observation would then suggest 
that the DBD or adjacent sequences is involved in protein- 
protein interaction or that they are required for other 
domains in the receptor to achieve the proper conformation 
for interaction. On the other hand, the A/B region of 
nur77 is relatively large as compared with other nuclear 
receptors and may contain sequences responsible for 
interaction. A detailed analysis will determine the putative 
domain in nur77 required for interaction with COUP-TF. 

Regulation of retinoid sensitivity and RARfi 
expression in lung cancer ceils by COUP-TF and 
nur77 

The observation that expression of COUP-TF is required 
to maintain RA sensitivity and that nur77 can antagonize 
the effect of COUP-TF provides a framework for under- 
standing the retinoid sensitivity in cancer cells. This 
becomes especially apparent since retinoid resistance is 
observed frequently in various types of cancer cells despite 
expression of functional retinoid receptors (van der Leede 
et al, 1993; Zhang et al, 1994; Kim et al, 1995). In 
human lung cancer cell lines, RARs and RXRs are well 
expressed, but many of the cell lines show resistance to 
RA-induced growth inhibition (Zhang et al, 1996) and 
RARP expression (Zhang et al, 1994). Our observation 
that COUP-TF expression is positively correlated with 
RA sensitivity in lung cancer cell lines (Figure 8) demon- 
strates that COUP-TF is required for RA sensitivity in the 
cells. COUP-TF is also highly expressed in RA-sensitive 
bladder cancer and breast cancer cell lines (data not 
shown), suggesting that the effect of COUP-TF is not 
restricted to lung cancer cells. Our studies also reveal that 
expression of nur77 is associated with retinoid resistance 
in lung cancer cells (Figure 8). Since nur77 expression is 
induced rapidly by growth factors and a cAMP-dependent 
pathway (Hazel et al, 1988; Milbrandt, 1988; Lim et al, 
1995), uncontrolled growth signaling in cancer cells may 
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lead to overexpression of nur77, that in turn may cause 
retinoid resistance through inhibition of COUP-TF activity. 
Hence, the studies described here provide an important 
mechanism by which retinoid sensitivity is regulated in 
cancer cells. 

We have shown recently that up-regulation of RARp 
expression by RA correlates with RA-induced growth 
inhibition in human breast cancer and lung cancer cell 
lines (Zhang et aL, 1996; Liu et aL, 1996). In RA-sensitive 
cancer cell lines, expression of RARp is strongly induced 
by RA. In contrast, RA had little effect on RARf3 expres- 
sion in RA-resistant cancer cell lines (Zhang et aL, 1996; 
Liu et aL, 1996). In vivo, the clinical response of patients 
with oral dysplasia to RA is associated with inducibility 
of RARp (Lotan et aL, 1995). The PRARE present in the 
RARP promoter mediates the induction of RARP by RA 
(de The et aL, 1990; Hoffmann et aL, 1990; Sucov et aL, 
1990), and is activated mainly by RAR/RXR heterodimers 
(Zhang et aL, 1992a; Valcarcel et aL, 1994). We have 
observed previously that RARP cannot be induced by RA 
in many human lung cancer cell lines even though RAR 
and RXR are expressed (Zhang et aL, 1994). Our present 
finding that the relative concentrations of COUP-TF and 
nur77 are involved in the regulation of RARp inducibility 
by RA through their modulation of PRARE activity 
provides an explanation of retinoid refractoriness in induc- 
ing RARP observed in the lung cancer cell lines. COUP- 
TF is only expressed in lung cancer cell lines in which 
the pRARE is highly sensitive to RA (Figure 8), suggesting 
that it is required for maintaining the sensitivity of the 
PRARE to RA. The effect of COUP-TF is likely to be 
mediated by its binding to the PRARE, as demonstrated 
by our finding that COUP-TF expressed in RA-sensitive 
Calu-6 lung cancer cells formed a strong PRARE-binding 
complex that was not observed in RA-resistant H292 cells 
(Figure 10). The observation that RARP is highly induced 
by RA in Calu-6 cells (Figure 9A) indicates that the 
binding of COUP-TF to the PRARE does not interfere 
with RA-induced retinoid receptor activity. This is also 
supported by in vivo observations (Reuberte et aL, 1993; 
Lutz et aL, 1994) that RARP is expressed in motor neurons 
at the time when COUP-TF is expressed. Hence, the 
expression levels we observed in various cancer cell lines 
do not function to inhibit RA-induced RARp expression, 
but repress RARp expression in the absence of RA. In 
this study, we also found that nur77 is highly expressed 
in RA-resistant lung cancer cell lines (Figure 8). Thus, 
the loss of RA inducibility of RARP expression in certain 
lung cancer cell lines, such as H292, is not due to abnormal 
expression and function of RARs and RXRs that activate 
the pRARE, but to lack of COUP-TF and/or overexpres- 
sion of nur77 that modulate basal levels of RARP expres- 
sion. Such a loss of RA sensitivity in lung cancer cells can 
be restored by expression of COUP-TF, as demonstrated by 
our transient transfection (Figure 9) and stable transfection 
(Figure 11) of COUP-TF in RA-resistant H292 cells. 
Interestingly, an increase in RARP inducibility by stable 
expression of COUP-TF is also accompanied by an 
enhancement of growth inhibition by RA (Figure 11). 
This observation further supports our previous finding that 
induction of RARP by RA is involved in RA-induced 
growth inhibition in breast cancer cell lines (Liu et aL, 
1996). 


In summary, the studies described here reveal a novel 
mechanism that regulates RA sensitivity in cancer cells 
through heterodimerization of nur77 and COUP-TF. Our 
data demonstrate that a dynamic equilibrium of the two 
orphan receptors plays a crucial role in the control of 
inducibility of RARP expression and growth inhibition by 
RA in human lung cancer cell lines. Such a mechanism 
may also be involved in the regulation of the RA sensitivity 
program during development and in adult life. Since the 
expression of nur77 is induced by growth signaling (Hazel 
et aL, 1988; Milbrandt, 1988; Lim et aL, 1995) while the 
expression of COUP-TF can be enhanced by RA (Jonk 
et aL, 1994), heterodimerization of nur77 and COUP-TF 
may mediate 'cross-talk' between growth and vitamin A 
signalings. Overexpression of nur77 and/or lack of COUP- 
TF as seen in certain human lung cancer cells may be 
responsible for RA resistance, and may contribute to cell 
proliferation and neoplastic transformation by releasing 
the inhibitory effect of RA on cell growth. Our demonstra- 
tion that expression of COUP-TF in RA-resistant H292 
cells could enhance their RA response provides novel 
approaches for restoring RA sensitivity in certain 
RA-resistant cancer cells. 

Materials and methods 

Cell culture 

CV-1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal calf serum (FCS). Calu-6 and SK-MES-1 
cells were maintained in minimum essential medium (MEM) supple- 
mented with 10% FCS. H292, H520, H460, H596, H441 and H661 cells 
were grown in RPMI 1640 supplemented with 10% FCS. A-549 cells 
were maintained in F12 medium supplemented with 10% FCS. 

Plasmid constructions 

Nur77 expression vectors pECE-nur77, pBluescript-nur77, pGEX-2T- 
nur77 and pGAD424-nur77 were constructed by cloning the nur77 
cDNA (Chang and Kokontis, 1988) fragment into pECE, pBluescript, 
pGex-2T and yeast vector pGAD424, respectively. The internal Stul 
fragment was removed from nur77 to generate Anur77-l . For construction 
of ACOUP-TFI-1, the internal Nari fragment was removed. The deleted 
COUP-TF was filled in and religated. To obtain the deletion mutants 
Anur77-2 and ACOUP-TFI-2, the Psfi site in nur77 and the Sail site in 
COUP-TFI were used to delete the C-terminal fragments. The construc- 
tion of the reporter plasmids pRARE-tk-CAT, TREpal-tk-CAT, CRBPI- 
RARE-tk-CAT, CRBPII-RARE-tk-CAT, ApoAl-RARE-tk-CAT, lacto- 
ferrin-RARE-tk-CAT and MHC-TRE-HC-CAT has been described pre- 
viously (Tran et aL, 1992; Zhang et aL, 1992a,b; Lee et a/., 1995). The 
reporter ApRARE-tk-CAT was obtained by inserting one copy of mutated 
PRARE oligonucleotide (TGTAGGGTTCACACTGAGTTCACTCA ) 
(underlining indicates the mutated nucleotides) into the BamrU site of 
P BLCAT 2 (Luckow and Schutz, 1987). The RARp promoter (Smal- 
£coRl fragment) reporter has been described (HofThiann et aL, 1990). 
The construction of COUP-TFI cDNA in the pRc/CMV vector (Invitro- 
gene, Sari Diego, CA) followed the procedure described previously (Liu 
et al, 1996). 

Preparation of receptor proteins 

Receptor proteins were synthesized by an in vitro transcription-translation 
system using rabbit reticulocyte lysate (Promega) as described previously 
(Zhang et aL, 1992a). The relative amount of the translated proteins 
was determined using ["Slmethiomne-labeled protein on SDS-PAGE. 
quantitating the amount of incorporated radioactivity, and normalizing 
it relative to the content of methionine in each protein. 

Transient and stable transfection assay 

CV-l cells were plated at 1X10 5 cells per well in a 24-well plate 16- 
24 h before transfection as described previously (Zhang et aL, 1992a). 
For Calu-6 and H292 cells, 5Xl0 5 cells were seeded in six-well culture 
plates. A modified calcium phosphate precipitation procedure was used 
for transient transfection and is described elsewhere (Zhang et aL, 
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1992a). Briefly, 100 ng of reporter plasmid, 150 ng of P-galactosidase 
expression vector (pCH 110, Pharmacia) and various amounts of nur77 
expression vector were mixed with carrier DNA (pBluescript) to 1000 ng 
of total DNA per well. CAT activity was normalized for transfection 
efficiency to the corres'ponding p-gal activity. For stable transfection, 
the pRc/CMV-COUP-TFI recombinant plasmid was stably transfected 
into H292 cells using the calcium phosphate precipitation method, and 
screened using G418 (GIBCO BRL, Grand Island, NY) as described 
(Liu et al, 1996). 

Get retardation assay 

The gel retardation assay using in vitro synthesized proteins has been 
described previously (Zhang et al, 1992a). When interaction of nur77 
and COUP-TF was studied, they were incubated on ice for 10 min 
before performing gel retardation in order to prevent the formation of 
the COUP-TF homodimer. In most cases, co-translation of nur77 and 
COUP-TF resulted in much more efficient dimerization of the two 
proteins. When antibodies were used in the gel retardation assay, 1 (ll 
of anti-nur77 (Santa Cruz Biotech., Inc., Santa Cruz, CA) or 1 ul of 
anti-RXR (Lee et al, 1995) was incubated with receptor protein at room 
temperature for 30 min prior to performing the gel retardation assay. 
The oligonucleotides used for the gel retardation assay have been 
described elsewhere (Tran et al, 1992; Zhang et al, 1992a,b; Lee 
et al, 1995). 

immunoprecipitation assay 

For the immunoprecipitation assay (Zhang et al, 1992a), 5 |il of 
reticulocyte lysate containing hi vitro translated 35 S- labeled COUP-TFI 
or COUP-TFII were incubated with 20 |xl of in vitro translated nur77 in 
100 ^1 of buffer containing 50 mM KC1 and 10% glycerol for 
15 min on ice. The reactions were then incubated with 5 ml of anti- 
nur77 antibody or non-specific pre-irnrnune serum for 2 h on ice. When 
the peptide from which anti-nur77 antibody (Santa Cruz Biotech., Inc., 
Santa Cruz, CA) was generated was used, anti-nur77 antibody was 
incubated with 5 ul of peptide at room temperature for 30 min before 
adding to the reaction mixtures. Immunocomplexes were precipitated by 
adding 40 ul of protein A-Sepharose slurry and mixing continuously in 
the cold room for I h. The complexes were then washed five times with 
RIPA buffer, resuspended in SDS sample buffer containing 15% 
p-mercaptoethanol, boiled and resolved by SDS-PAGE. 

GST pull down assay 

To prepare GST-nur77 fusion protein, the nur77 cDNA was cloned in- 
frame into the expression vector pGEX-2T (Pharmacia). The fusion 
protein was expressed in bacteria using the procedure provided by the 
manufacturer^ and was analyzed by gel retardation assay and Western 
blot (data not shown). To analyze the interaction between nur77 and 
COUP-TF, the fusion protein was immobilized on glutathione-Sepharose 
beads. For control, the vector protein (GST) prepared under the same 
conditions was also immobilized. The beads were pre-incubated with 
bovine serum albumin (1 mg/ml) at room temperature for 5 min. "S- 
Labeled in vitro synthesized receptor proteins (2-5 pi, depending on 
translation efficiency) were then added to the beads. The beads were 
then rocked continuously for I h at 4°C in a final volume of 200 ui in 
EBC buffer ( 140 mM NaCl, 0.5% NP-40, 100 mM NaF, 200 urn sodium 
orthovanadate and 50 mM Tris, pH 8.0). After washing five times with 
NETN buffer (100 mM'NaCl, 1 mM EDTA, 20 mM Tris, pH 8.0, 0.5% 
NP-40), the bound proteins were analyzed by SDS-PAGE. 

Two-hybrid assay 

For the yeast two-hybrid assay, the yeast two-hybrid system from 
Clontech Inc. (Palo Alto, CA) was used. Nur77 cDNA and deletion 
mutants were cloned into the yeast expression vector pGAD424 to 
generate an in-frame fusion with the Gal4 activation domain. COUP-TF 
cDNA and deletion mutants were cloned into pGBT-9 to produce an in- 
frame fusion with the Gal4 DBD. The yeast reporter strain Y190 
containing a LacZ reporter plasmid with the Gal4 binding site was used 
for transformation. p-Galactosidase activity was determined following 
the conditions provided by the manufacturer to assess the interaction 
between nur77 and COUP-TF. 

MTT assay 

To determine the effect of a\\-trans RA on the viability of the stable 
transfectants, ceils were seeded at 1000 cells per well in a 96- well plate, 
and treated with various concentrations of all-trans RA for 6 days. 
Media were changed every 48 h. The number of viable cells was 
determined by MTT assay as described previously (Liu et al, 1996). 


Northern blot 

For Northern blot analysis, total RNAs were prepared by the guanidine 
hydrochloride ultracentrifugation method as described (Zhang et al., 
1994). Thirty mg of total RNAs from different cell lines treated with or 
without 10""* M sAX-trans RA were analyzed by Northern bloL RARp, 
COUP-TFI or nur77 cDNA were used as probes. To determine 
that equal amounts of RNA were used, the expression of p-actin was 
studied. 
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Suppression of Retinoic Acid Receptor p in 
Non-Small-Ceil Lung Cancer In Vivo: 
Implications for Lung Cancer Development 

Xiao-Chun Xu, Gabriella Sozzi. Jin S. Lee. J. Jack Lee, Uro Pastorino, 
Sitvana Pilotti Jonathan M. Kurie, Waun K. Hong, Reuben Lotan* 


Background: Retinoids, analogues of vitamin A, are required 
for (he normal growth and differentiation of human bron- 
chial epithelium. They are also able to reverse premalignant 
lesions and prevent second primary tumors in some patients 
with non-small-cell lung cancer (NSCLC). These effects are 
thought to result from modulation of cell growth, differen- 
tiation, or apoptosis (programmed cell death). When certain 
retinoid receptors in the cell nucleus (i.e., retinoic acid re- 
ceptors [RARs] and retinoid X receptors [RXRs]), which 
mediate most, retinoid actions, are suppressed, abnormal ac- 
tivity may result that could enhance cancer development. 
Purpose: This study was designed to determine whether 
there are abnormalities in the expression of retinoid recep- 
tors in surgical specimens from patients with NSCLC. Meth- 
ods: Transcripts of nuclear retinoid receptors were detected 
in formalin-fixed,, paraffin-embedded specimens by use of 
digoxigenin-labeled rihoprobes specific for RARa, RARp, 
RAR7, RXRa. RXRp, and RXR7 for in situ hybridization 
to histologic specimens from 79 patients with NSCLC and as 
control from 17 patients with non-lung cancer. The quality 
and specificity of the digoxigenin-Iaheled probes were deter- 
mined by northern blotting, and the specificity of the binding 
of antisense riboprobes was verified by use of sense probes as 
controls. Results: All receptors were expressed in at least 
89% of control normal bronchial tissue specimens from 17 
patients without a primary lung cancer and in distant nor- 
mal bronchus specimens from patients with NSCLC. RARot, 
RXRa, and RXR7 were expressed in more than 95% of the 
NSCLC specimens. In contrast, RARp, RAR7, and RXRP 
expression was detected in only 42<3J>, 72%, and 76% of 
NSCLC, respectively. Conclusions: These data suggest that 
the expression of RARa, RXRa, and RXR7 is not altered in 
NSCLC; however, expression of RARp and possibly also of 
RAR7 and RXRP is suppressed in a large percentage of 
patients with lung cancer. Implications: The loss of expres- 
sion of one or more of these nuclear retinoid receptors may 
be associated with iurig carcinogenesis. [J Natl Cancer Inst 
1997;89:624-9] 


Lung cancer is si ill the leading cause of cancer death. The 
incidence of this cancer continues to increase in both men and 
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women, and mortality from lung cancer has surpassed that from 
breast cancer in women. It has heen estimated thai there will be 
178 101) new cases and 160 400 deaths from lung cancers in the 
United States in 1997 (/). Despite advances in therapy, the over- 
all 5-year survival rate of patients with lung cancer is still under 
13%. Therefore, the identification and use of novel approaches 
for the prevent ion and treatment of lung cancer are urgently 
needed. One such approach is to use retinoids, structural and 
functional analogues of vitamin A, for chemopreveniion (2). Ret- 
inoids are suitable for this strategy because they regulate differ- 
entiation in airway epithelium (.?) and suppress carcinogenesis in 
a variety of animal models for lung cancer (4S). Interestingly, 
vitamin A deficiency has been associated with increased lung 
cancer incidence (6). Furthermore, certain retinoids suppress 
premalignant oral lesions and prevent the development of sec- 
ond primary cancers among patients with head and neck and 
lung cancer (7,#). 

'I "he regulation of cell growth and differentiation of normal, 
premalignant. and malignant cells by retinoids is thought to re- 
sult from their effects on gene expression. These effects are 
mediated by nuclear retinoid receptors, which arc ligand- 
activated transcription factors and members of the steroid hor- 
mone receptor superfumily (9-7/). Two types of receptors have 
been identified: retinoic acid (RA) receptors (RARs) and reti- 
noid X receptors (RXRs), which differ in the sequence of the 
amino- and carboxyl-ierminal domains and in ret inoid-bi riding 
specificity. RXR-RAR hctcrodimcrs bind to specific DNA se- 
quences — RA response elements (RAREs) — that are usually io- 
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cated in the 5' upstream regions of genes that are regulated by 
retinoids. Each receptor type includes three subtypes designated 
a. 0, and 7, which exhibit specific and distinct spatial and tem- 
poral expression patterns during embryonal development and 
different distributions in adult tissues. These receptors are 
thought to regulate the expression of distinct genes {9-13), 

The association between vitamin A deficiency and cancer 
incidence suggests that retinoids are physiologic suppressors of 
carcinogenesis. The development of cancer may, therefore, re- 
quire the initiated and premalignant cells to escape the control of 
natural retinoids. One way by which this can be accomplished is 
by aberrant expression of one or more of the retinoid receptors, 
which could result in an abrogated retinoid signaling. Indeed, 
several studies (12-17) have demonstrated that RAR3 expres- 
sion is suppressed in cultured lung cancer cell lines and have 
suggested that the expression of this receptor is associated with 
suppression of cancer. The suppression of tumorigenicity in cul- 
tured human lung squamous cell carcinoma transfected with 
RARp supports this contention (IS). However, these results 
were obtained by use of cultured human lung cancer cell lines; 
neither their relationship to expression of receptors in normal 
lung epithelial mucosa cells nor their relevance to the in vivo 
status of receptors in lung cancer has been established. 

This study was designed to determine whether abnormalities 
exist in the expression of retinoid receptors in surgical speci- 
mens from patients with non-small-cell lung cancer (NSCLC). 

Materials and Methods 

Surgical Specimens 

Specimens from 79 patients who had surgery from 1984 ihrough 1992 tor 
NSCLC (Table 1 ) were used in this study. Of the T) specimens, 37 were obtained 
from the Department of Pathology, The University of Texas M. D. Anderson 
Cancer Center. Houston, and 42 were obtained from the Istituto Nazionale 
Tumori. Milan. Italy. These specimens were selected from pathology archival 
material to include, in addition to the tumor, adjacent normal and distant normal 
bronchial epithelial tissue to enable a comparison between receptor expression in 
tumor and nontumor tissues. Processing of these specimens included a routine 
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fixation in 10% neutral formalin or Bourn's fixative and embedding in paraffin. 
All of the specimens were cut into 4-p.m sections and stained with hematoxylin- 
cosin for classification. 

In addition to cancers, these samples also contained adjacent normal lung and 
bronchial epithelium (n - 40) or distant normal bronchial epithelium (n = 36). 
As normal lung controls, we used normal lung specitueas that were obtained at 
the Istituto Nazionale Tumori from 17 patients (eight females and nine males) 
who had undergone lobectomy for lung metastases from primary cancers in other 
sites of the body (five breast cancers, six sarcomas, two kidney cancers, two 
melanomas, one laryngeal cancer, and one colon cancer). 

In Situ Hybridization 

A previously described method for nonradioactive in .situ hybridization (!9\ 
was used without modifications to analyze nuclear retinoid receptors in formalin- 
fixed, paraffin-embedded histologic sections. The quality and specificity of the 
digo)tigenin-!aheled probes were determined by northern blotting, and the speci- 
ficity of the binding of anlisense riboprobes was verified by use of sense probes 
as controls {19.20). To determine whether the expression of retinoid receptors is 
different between specimens from normal bronchus and a lung adenocarcinoma, 
we analyzed consecutive sections by in situ hybridization. To determine whether 
the expression of retinoid receptors is different between distant normal bronchial 
epithelium and NSCLC in the same patient, we used available paired specimens 
obtained after lobectomy from the resection margin of a subset of the 79 patient; 
with NSCLC. To determine whether the expression of the nuclear retinoid re- 
ceptors is different between the tumor and its surrounding adjacent normal 
bronchial tissue, we analyzed the expression of the receptors in specimens from 
available cases that contained both tissue types in the same histologic section. 

Statistical Analysis 

Frequency and summary data are given whenever appropriate. The chi- 
squared test for equality of proportions between normal and tumor tissues was 
performed for association of each pair. The McNemar test was performed to 
determine the association between matched pairs, such as the association be- 
tween distant or adjacent normal tissues and tumors. All P values were generated 
from two-sided statistical tests. 

Results 

Expression of RA.Rs and RXRs in Normal Bronchial Lung 
Tissue From Patients With Non-Lung Cancer and in 
NSCLC Specimens 

An analysis of consecutive sections of specimens from nor- 
mal bronchus and a lung adenocarcinoma revealed that amisense 
probes .for all oil the receptors (RARot, RARp, RAR*v> RXRa, 
RXR& and RXR7) - hybridized 10 epithelial cells in all sections 
(Fig. I , A. 0 f G, J". M, and P;. whereas the sense probes failed 
to hybridize to any of the sections (Fig. i . B, lu H, K . 7s\ and 0), 
indicating .that dw> binding of the ami^nse probe is specific. The 
blndrng of the anti-sense probes to consecutive sections of a King 
adenoiarcinorn:r(l : ig. L C, F. I u O, and R") was distinct from 
the binding to the .normal bronchial mucosa in that RARp and 
R AR-y were either absent or barely delectable; R A Rot's staining 
intensity was lower than; that in normal contra! specimens, and 
only 'minor changes were detected in the staining, of RXRs in 
normal and carcinoma sections. 

The results of an analysis of bronchial .specimens from 17 
patients without primary lung carcinoma f normal king) and tu- 
mor specimens from 79 patients with NSCLC are shovvo in 
Table 2, The most dramatic findtng was the loss of R ARp ex- 
pression- in 58% of the specimens (53% of squamous cell car- 
cinomas [5 CCsj and 63% of adeiiocait=inomasi. The difference 
in RARfS expression, hetsveen normal tissue and -NSCLC was 
staiisiicaHy -significant. Fuithmnors, about 25% of the NSCLCs 
also lost RAR-y and RXRP expression. In contrast, the distribu- 
tion oi"RAR«, R.XR«, and RXR-y expression whs very similar in 
normal control and .NSCLC specimens. There was no apparent 
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Fig. 1. Localization of nuclear retinoic acid receptor 
(RAR) and retinoid X receptor <RXR) messenger 
RNAs in sections of surgical specimens from normal 
bronchus and lung adenocarcinoma by in situ hy- 
bridization. Consecutive sections of formal in- fixed, 
paraffin-embedded normal human lung tissue were 
hybridized with RARct antisease (A) or sense (B); 
RAKp antisensc (D) or sense (E): RAR 7 antisensc 
(G) or sense (H): RXRa anti sense (J) or sense (K); 
RXRP antisensc (M) or sense (N); and RXR7 anti- 
sense (P) or ^ense (Q). Conseculive sections tif lung 
adenocarcinoma were hybridized with anlisense 
riboprobes for RARa (C); RARp (F); RAR7 (I); 
RXRa CL); RXRp (O); or RXR-y (R)- 



relaiionsbip between the cMferentiahon status of NSCLC an<l 
RAR (3 expression because six of 11 svcll-d ilfentialed tumors 
expressed RARp, Likewise, the loss of RARp expression was 
nor associated with the sta$:e of disease when stage I was com- 
pared with stages 1MV\ inost likely because this event may have 
occurred already in prernalignant. lesions and was maintained 
throughout the carcinogenesis process, as we had observed in 
head and neck carcinogenesis (20JTI. Be cause only seven of the. 
79 patients, with NSCIIC were never smokers and three of them 
did Jose RARp expression, it was nut. possible 10 . relate swokiitg. 
status to expression. This lack of association was main- 

rained, even after combining never smokers with remote firmer 
prickers (quit smoking >2 years ago), 

Expression of RA Rs and RXRs in -Paired Specimens of 
DtetaAt Normal Bronchia! Lung Tissue and NSCXC From 
■the Same Patient 

Table 3 shows dial more than 90% of the distant normal 
specimens expressed alt six retinoid receptor messenger RNAs 
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Fig. 2. Localisation of nuclear retinoic acid 
receptor (RAR) and retinoid X receptor 
(RXR) messenger RNAs in matched pairs of 
either adjacent normal or distant normal 
bronchial tissue and their corresponding 
squamous cell carcinomas (SCCs) by in situ 
hybridization. Consecutive sections of for- 
malin-fixed, paraffin-embedded adjacent 
normal lung tissue (A, E, I, M T Q. and U) 
and the corresponding SCCs (B, F, J, N, R, 
and V) and distant lung tissue (C, G, K, O, 
S, and W) or the corresponding SCCs (D, H, 
L, P, T, and X) were hybridized with anti- 
sense probes for RARu (A. B. C. and D); 
RARp (E. F. C. and H); RAR7 (I. J- K. and 
U: RXRa (M, N. O. and P): RXR0 (Q. R. S. 
Ti; or RXRy (U. V, W. and X). 



(niRNAs), whereas only 47% of ths corresponding nunofs con- 
firmed to express RARp. In addfeion. about 39% of the tumors 
have lost RAR-y expression; The differences hi. RARp and 
RAR*y expression between tumor and corresponding distant nor- 
ma! bronchial tissue were statistically significant. Ilic in situ 
hybridization results of a representative case of SCC are shown 
in Fig. 2, All of the receptor mRNAs were detected in The distant 
normal tissue: <Ftg. 2. C, G t K, O, S, and WL whereas; the SC!C.v 
faded to express R ARB and R'AR-y (Fig. 2, H and L, respec- 
tively). 

Expression of RARs and RXRs in Paired Specimens of 
Adjacent Normal: Bronchial Lung--Tissue and NSCLC 
From the Same Patient 

1 able 3 shows that there 1$ a statistically significant, decrease 
in the expression of RARp, RAR'?* and RXRp in the NSCLC 
tumor compared with the adjacent normal bronchial tissue, 
whereas the expression of the other three receptors was siiniiar 
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in the adjacent normal and malignant tissues. Fig. 2 shows rep- 
resentative in sim hybridization results of the analysis of adja- 
cent norma) and malignam iissue from the same specimen. All 
receptors were expressed in the adjacent normal tissue (Fig. 2. 
A, 1% L M. Q. And 0). whereas the SCC foiled to express RAR0 
and RAR-y and showed a lower sunning of RXR[S and RXRv 
(Fig. 2, F. J, R ; and V). Because both the adjacent normal and 
tumor tissue were present in the same histologic section, the 
comparison of the- receptor expression in these tissues is ideal 
since the experiment is internally controlled for factors, such as 
fixation and pri*eessing for analysis. 

Discussion 

The premise of our investigation is that one of the functions 
of physiologic retinoids is to prevent carcinogenesis by regulat- 
ing the differentiation of epithelial tissues. This contention is 
especially relevant for airway epithelium because vitamin A 
deficiency results in replacement of mucociliary epithelium with 
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keratinizing squamous epithelium (squamous metaplasia) and is 
associated with increased lung cancer incidence (6). Because 
nuclear retinoid receptors mediate most of the effects of reti- 
noids on gene expression, reduced expression of one or more of 
these receptors may enhance cancer development. 

The study reported here is the first to use in situ hybridization 
for the analysis of the mRNAs for RARs and RXRs in surgical 
specimens of normal bronchus, normal bronchial lung tissues 
distant and adjacent to lung tumors, and NSCLC carcinomas. 
We have demonstrated that RARf3 expression is markedly de- 
creased in more than 50% of both adenocarcinomas and SCCs, 
and that the expression of RAR-y and RXR(3 was lost in some 
cases. These findings are similar to our previous demonstration 
of a decrease in the expression of this receptor in premalignant 
oral lesions, dysplastic lesions, and head and neck squamous cell 
carcinomas (20,21). However, unlike what was observed in head 
and neck premalignant and malignant lesions, the lung carcino- 
mas showed suppression of RAR7 and RXRp in some of the 
cases. Loss of RARp appears to be the major defect during lung 
carcinogenesis and this loss did not seem to predispose the tissue 
to lose also RAR7 or vice versa because 17 (22.4%) of 76 of the 
cases had lost both receptors, 26 (34.2%) of 76 expressed both 
receptors, 29 (38.2%) of 76 had lost RAR(3 but retained RAR7 
expression, and only four (5.3%) of 76 had lost RAR7 bul not 
RARp. 

Previous studies (12-17) with cultured lung carcinoma cell 
lines have demonstrated a decreased expression of RARp. We 
confirmed that this also occurs in vivo by use of specimens from 
79 patients with NSCLC. The former studies employed northern 
blotting of extracted RNA for assessment of RARp expression. 
Thus, Gebert et al. (12) found decreased RARp expression in at 
least 50% of 33 lung cancer cell lines and in 30% of nine lung 
cancer specimens. 

Although decreased expression of RARp appears to be a 
common event in lung carcinogenesis, the underlying molecular 
mechanism is unclear. The RARp gene promoter includes a 
RARE, which can be activated by RXR-RAR heterodimers. 
However, many lung cancer cell lines exhibit defects in tran- 
scription of RARp-RARE, possibly because of" inactivation or 
absence of trans-acUng co-factors that are required for the tran- 
scription (16,17). The RAR7 gene promoter also has a RARE, 
and RXRP has been shown to be regulated by retinoids in em- 
bryonal carcinoma cells, so their decreased expression in some 
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of the lung cancer cases may also reflect defects in transcription 
activation. 

The involvement of retinoid receptors in the regulation of 
gene expression in tracheal epithelial cells (22) and in suppres- 
sion of growth of transformed tracheal epithelial cells (23) has 
been demonstrated. Recent evidence implicated RARP specifi- 
cally in tumor suppression in vivo; transfeclion of a human 
epidermoid lung cancer in vitro with an RARP expression vector 
resulted in decreased tumorigenicity in nude mice (75). In ad- 
dition, transgenic mice expressing antisense RARP2 developed 
carcinomas 14-18 months after birth (24). We have recently 
reported that blocking the expression of RAR7 in head and neck 
SCC: cells resulted in resistance to retinoid- induced growth in- 
hibition and a loss of the ability of RA to exert anti-AP-1 activity 
(25). Thus, the loss of expression of either RARp or RAR7 in 
lung tissue could enhance cancer development. Future studies 
will be directed toward identifying the genes that are regulated 
specifically by RARP to gain a hetter understanding of the path- 
way by which this receptor may suppress carcinogenesis. 
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Yan, Cong, Manely Ghaffari, Jeffrey A. Whitsett, Xin 
Zeng, Zvjezdana Sever, and Sui Lin. Retinoic acid- 
receptor activation of SP-B gene transcription in respiratory 
epithelial cells. Am. J. Physiol 275 (Lung Ceil MoL Physiol 
19): L239-L246, 1998. — Retinoids are known to play impor- 
tant roles in organ development of the lung. Retinoids exert 
their activity by modulating the expression of numerous 
genes, generally influencing gene transcription, in target 
cells. In the present work, the mechanism by which retinoic 
acid (RA) regulates surfactant protein (SP) B expression was 
assessed in vitro. RA (9-c/s-RA) enhanced SP-B mRNA in 
pulmonary adenocarcinoma cells (H441 cells) and increased 
transcriptional activity of the SP-B promoter in both H441 
and mouse lung epithelial cells (MLE-15). Cotransfection of 
H441 cells with retinoid nuclear receptor (RAR)-a t -p, and -7 
and retinoid X receptor (RXR)-7 further increased the re- 
sponse of the SP-B promoter to RA. Treatment of H441 cells 
with RA increased immunostaining for the SP-B proprotein 
and increased the number of cells in which the SP-B propro- 
tein was detected. An RA responsive element mediating RA 
stimulation of the human SP-B promoter was identified. 
RAR-a and -7 and RXR-ct but not RAR-£ or RXR-3 and -7 
were detected by immunohistochemical analysis of H441 
cells. RA, by activating RAR activity, stimulated the transcrip- 
tion and synthesis of SP-B in pulmonary adenocarcinoma 
cells. 

surfactant protein B; glucocorticoid receptor; thyroid tran- 
scription factor- 1 


RETINOIC ACID (RA), a derivative of vitamin A, plays 
highly diverse roles in cell proliferation, differentiation, 
and organ development. RA exerts its biological activity 
by binding to retinoid nuclear receptors (RARs) and 
retinoid X receptors (IlXRs) in the nucleus of target 
cells. Ligand-dependentsRARs and RXRs form het- 
erodimers that bind to RA response elements (RAREs) 
on many genes, thereby modulating transcriptional 
activity. Both RARs and RXRs belong to the superfam- 
ily of nuclear receptors. RARs are activated by all 
trans-RA and 9-c/s-RA, whereas RXRs are only acti- 
vated by 9-c/s-RA. Three isotypes of RAR, a, p and 7, 
encoded by distinct genes (for reviews, see Refs. 15, 19) 
have been identified. Retinoid receptors consist of a 
DNA-binding domain that contains Zn 2+ finger motifs, 
a ligand-binding domain, a ligand-independent tran- 
scriptional activation domain, a ligand-dependent tran- 
scriptional activation domain, a dimerization domain, 
and an F region of unknown function (for a review, see 
Ref. 18). Through these various domains, RARs inter- 
act with other transcriptional and signaling factors, 
including CBP/p300 (14), activator protein- 1 (32), TFIIH 
(31),andTAF„135 (24). 


Retinoids have pleiotropic effects in many target 
organs including the lung. Vitamin A deficiency is 
associated with squamous metaplasia of the respira- 
tory epithelium. Clinical studies in premature infants 
demonstrated a correlation between low serum levels of 
vitamin A and chronic lung disease after respiratory 
distress syndrome (33). A previous study (23) demon- 
strated that RA influences fetal lung morphogenesis 
and differentiation. All three isotypes of RAR mRNAs 
are expressed in pulmonary tissues during fetal devel- 
opment (22). In situ hybridization analysis showed that 
RAR-P was expressed in the epithelium of proximal 
bronchi in day 14.5 postconception embryos, whereas 
RAR-a and -7 mRNAs were expressed rather weakly 
and homogeneously in developing lung tissue (9). RA 
treatment of both human and rat fetal lung explants in 
culture altered surfactant protein (SP) and mRNA 
concentrations (3, 6, 11, 25). In human lung explant, RA 
reduced SP-A and SP-C mRNA levels. In contrast, all 
trans-RA increased SP-B mRNA levels in a concentra- 
tion-dependent manner, with the maximum increase 
observed at 3 uM (25). In vitamin A-deficient animals, 
fetal lung weight was significantly decreased in associa- 
tion with decreased phosphatidylcholine content, a 
marker of respiratory epithelial cell differentiation 
(22). Mice bearing null mutations in both RAR-a and 
RAR-p displayed some of the organ defects, including 
hypoplastic lungs (23), providing further support for 
the role of RARs in lung morphogenesis. 

Pulmonary surfactant is a complex mixture of lipids 
and proteins that reduces surface tension at the air- 
liquid interface in the alveoli. Surfactant lipids are 
synthesized primarily by alveolar type II epithelial 
cells and are stored in lamellar bodies that are secreted 
into the air space. SP-A, SP-B, SP-C, and SP-D are also 
synthesized primarily by type II or bronchiolar epithe- 
lial cells and play critical roles in maintaining stability . 
of the surfactant layer (SP-B and SP-C) and in host 
defense (SP-A and SP-D). The mechanisms by which 
RA and its RARs/RXRs influence surfactant homeosta- 
sis in type II epithelial cells in the respiratory epithe- 
lium, especially at the level of gene transcription, are 
largely unknown. 

SP-B is a 79-amino acid amphipathic peptide pro- 
duced by the proteolytic cleavage of SP-B proprotein 
(proSP-B) by type II epithelial cells. The SP-B peptide 
is stored in lamellar bodies and secreted with phospho- 
lipids into the airway lumen (for a review, see Ref. 36). 
SP-B is a critical component of the surfactant complex 
and is essential for the formation of tubular myelin and 
the stability and rapid spreading of surfactant phospho- 
lipids (36). Genetic defects in SP-B cause respiratory 
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failure after birth in both humans and SP-B gene- 
targeted mice (7, 26, 27). 

SP-B homeostasis is modulated at multiple levels. 
SP-B gene transcription is influenced by thyroid tran- 
scription factor- 1 (TTF-1) and hepatocyte nuclear fac- 
tor-3 (HNF-3) (4, 40). SP-B gene transcription is fur- 
ther enhanced by cAMP and protein kinase A-dependent 
phosphorylation of TTF-1 (42). Glucocorticoids stimu- 
late SP-B gene expression in both cell lines and lung 
explants (1, 2, 10, 34). Phorbol ester strongly inhibited 
SP-B gene expression (30, 35). At the posttranscrip- 
tional level, SP-B mRNA stability is enhanced by 
glucocorticoids and decreased by tumor necrosis fac- 
tors and phorbol ester (28, 29, 38). 

In the present study, both all trans- and 9-c/s-RA 
enhanced transcription of the human and mouse SP-B 
promoters in human pulmonary adenocarcinoma cells 
(H441) and mouse lung epithelial cells (MLE-15). The 
H441 cell line was isolated from a human lung adenocar- 
cinoma. The MLE-15 cell line was derived from mouse 
lung tumor cells immortalized by the SV40 large T 
antigen in vivo (37). Both cell lines have been used 
extensively to characterize SP-A, SP-B, and SP-C gene 
transcription. 
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Fig. 2. RA increases endogenous hSP-B mRNA. Total RNAs from 
H441 cells treated with 9-c/s-RA for 0 and 28 h were prepared and 
reverse transcribed. Reverse- transcribed cDNA products were ampli- 
fied by PCR with a primer pair for hSP-B gene and a primer pair for 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as de- 
scribed in materials and methods. GAPDH was used as a control. 
PCR product intensity of RA treatment at 0 h was defined as 1 . Values 
are means; n = 2 experiments; each RT-PCR determination was 
performed in triplicate. 


MATERIALS AND METHODS 

Cell culture. H441 cells were cultured in RPMI 1640 
medium supplemented with 10% fetal calf serum, glutamine, 
and penicillin-streptomycin. Cells were maintained at 37 °C 
in 5% C0 2 -air and passaged weekly. The murine clonal 
respiratory epithelial cell line MLE-15 was propagated in 
HITES medium (37) containing 4% fetal bovine serum and 
maintained as above. 

Plasmid constructs. The region from +41 to -2240 of the 
human SP-B (hSP-B) promoter was generated by PCR with 
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Fig. 1. Retinoic acid (RA) stimulates human surfactant protein (hSP) 
B 2240 promoter (hSP-B-2240) activity. Human pulmonary adenocar- 
cinoma (H441) cells were transfected with hSP-B-2240 luciferase 
reporter vector and treated with all trans- and 9-cis-RA. Luciferase 
activity was measured 48 h after treatment. Activity without RA 
treatment was defined as 1 . Activities were measured in light units of 
optical density (OD) of p-galactosidase. Values are means ± SD; n = 3 
experiments, each performed in triplicate. ANOVA showed signifi- 
cant stimulatory effect of 9-c/s-RA on hSP-B promoter. * Significant 
difference from control values, P< 0.02. 


synthetic oligonucleotide primers with the p A 5' -22 40 SP-B 
chloramphenicol acetyltransferase (CAT) construct as a tem- 
plate as described previously (40). The upstream primer with 
the Mlu I site was 5'-CGCACGCGTACCTGCAGGTCAACG- 
GATCA-3'. The downstream primer with the Xho I site was 
5'-GCGCTCGAGCCACTGCAGCAGGTGTGACTC. The PCR 
products were digested with Mlu I and Xho I restriction 
enzymes and ligated with Mlu I- Xho I-digested pGL2-B 
luciferase reporter plasmids (Promega). The correctness of 
the hSP-B 2240 promoter fragment (hSP-B-2240) luciferase 
reporter construct was confirmed by DNA sequencing. The 
murine (m) SP-B promoter fragment -1797/+42 (mSP-B- 
1797) was subcloned in the pBLCAT6 reporter vector as 
described previously (5). The human TTF-1 1.7-kb luciferase 
reporter gene was made previously (13). Human RAR and 
RXR expression vectors hRAR-a/pSG5, hRARp/pSG5, 
hRAR-7l/pSG5, and hRXRVpSGS were kindly provided by 
Dr. Pierre Chambon. Human glucocorticoid-receptor (GR) 
expression vector pRS-hGR-a was kindly provided by Dr. 
Ronald M. Evans. 

Transfection, luciferase, and CAT assays. To determine the 
effects of ail trans-RA and 9-c/s-RA on the hSP-B promoter 
luciferase reporter constructs, transient transfection and 
luciferase assays were performed as previously described (40, 
41) with minor modification. Briefly, H441 cells were seeded 
at a density of 2 X 10 s ceils/well in 6-well plates. The hSP-B 
reporter constructs (0.5 pg) were transfected into H441 cells 
by lipofectin transfection (Gibco BRL). In each transfection, 
0.5 pg of pCMV-0-gal plasmid was included for normalization 
of transfection efficiency. For quantification of 3-galactosi- 
dase activity, one unit of optical density of 0-galactosidase in 
the protein extract was defined as hydrolysis of o-nitrophenyl- 
p-D-galactopyranoside that generates absorbance to 1 optical 
density unit at 420 nm at 37°C. After 2 days of incubation 
with various concentrations of all trans- and 9-c/s-RA, the 
cells were lysed and luciferase activity assays were performed 
with the luciferase assay system (Promega). The light units 
were assayed by luminometry (monolight 2010, Analytical 
Luminescence Laboratory, San Diego, CA). In RAR/RXR 
cotransfection assays, 0.5 pg of various RAR and RXR con- 
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structs was cotransfected with 0.5 ug of the hSP-B reporter 
constructs and treated with 10 uM 9-cis-RA. Each experiment 
was repeated at least three times. Human TTF-1 promoter 
studies with the luciferase reporter gene with RARs/RXR-7 
were performed as outlined above. No effect of RA and 
RARs/RXR-y on expression of 0-galactosidase activity was 
observed in transfection assays in H44 1 cells. 

Transient transfection study of the mSP-B-1797 was per- 
formed with the calcium precipitation method. A mixture of 
mSP-B-1797 (0.67 pmol/well) and pCMB-0-gal (1.25 ug/well) 
was used for transfection followed by the addition of 10 uM 
9-cis-RA for 2 days. Cell extracts were prepared with three 
freeze-thaw cycles, and the pellets were resuspended in 
50- 100 ul of 0.25 M Tris, pH 7.8. CAT assays were performed 
as previously described (5,41). Chromatograms of [ 14 C] chlor- 
amphenicol and its acetylated derivatives were quantitated 
with a Molecular Dynamics phosphorimager (Storm 680). 

RT-PCR. Total RNA was purified from H441 cells treated 
with 10 uM 9-cis-RA for 0 and 28 h following the procedures 
described previously (39). The quality of RNA samples was 
assessed on 1% agarose gel after ethidium bromide staining. 
Thirty micrograms of total RNA were reverse transcribed 
with the oligo(dT) primer (NEN) by superscript RT enzyme 
(GiBCO BRL) in the presence of deoxynucleoside triphosphate 
and first-strand buffer (Gibco BRL). Five micrograms of 
reverse transcripts were amplified in 30 cycles of PCR with a 
SP-B primer pair corresponding to exons 8 and 10 (upstream 
primer, 5'-GGTCGCCGACAGGAGAATGGCTGC-3 f ; down- 
stream primer, 5 '- AAGGTCGGGGCTGTGGATACACTG-3 ') . 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as a control, and the same reverse-transcribed cDNAs 
were used for PCR with a GAPDH primer pair (upstream 
primer, 5'-CAGAAGACTGTGGATGGCCCC-3'; downstream 
primer, 5'-GTCCACCACCCTGTTGCTGTAGCC-3'). Five mi- 
crograms of reaction products were separated on 1% agarose 
gel before being stained. Intensities of the PCR product bands 
were quantitatively analyzed by an IS- 1000 Digital Imaging 
System (Alpha Innotech, San Leandro, CA). 

Immunohistochemistry. H441 or HeLa cells were seeded 
onto Permanox chamber slides (Fisher) at densities ranging 
from 10 4 to 10 5 cells/chamber (2 chambers/slide) as described 
previously (12). For immunostaining of SP-B, RAR ( and RXR 
proteins, slides were pretreated with 0.1 M PBS containing 
Triton X-100, pH 7.4, plus 5% goat serum for 2 h at room 


temperature before incubation with a 1:500 dilution of RAR 
and RXR rabbit polyclonal antibodies (Santa Cruz Biotechnol- 
ogy, Santa Cruz, CA) or a 1:100 dilution of proSP-B polyclonal 
antibodies overnight. The next day, the slides were washed 
five times in 0.1 M PBS with Triton X-100 solution, and 
biotinylated goat anti-rabbit IgG was added to the serum 
blocking solution (45 pi IgG/10 ml) for 30 min, followed by five 
washes in 0.1 M PBS with Triton X-100 solution. The slides 
were then treated with avidin-biotin reagent according to the 
directions in the Vectastain Elite Kit (Vector Laboratories, 
Burlingame, CA). The slides were visualized by a Nikon 
Microphot-FXA video system. For transfection studies, 2 ug of 
the RAR-0 expression plasmid were transfected into cells 
-with the lipofectin transfection kit from Gibco BRL as 
previously described (12). Immunohistochemical staining of 
the transfected cells was then performed as described above. 

Electrophoretic mobility shift assay. An oligonucleotide 
corresponding to the hSP-B promoter -415 to -440 was 
synthesized, annealed, and purified. The oligonucleotide was 
radiolabeled by [7- 32 P]ATP and kinase and incubated with 
100 ng of the purified RAR-7-glutathione S-transferase (GST) 
fusion protein as suggested by the manufacturer (Santa Cruz 
Biotechnology). In the absence of RXRs, a relatively higher 
concentration of RAR is required due to its low DNA-binding 
affinity. Antibody-recognizing RAR-7 (1 ug) was used for 
supershift assay. An electrophoretic mobility shift assay 
(EMSA) was performed by following the procedures previ- 
ously described (40). 

RESULTS 

Dose-dependent stimulation ofhSP-B promoter activ- 
ity by all trans- and9-cis-RA. To test the effects of RAon 
SP-B gene transcription, the hSP-B-2240 luciferase 
reporter construct was transfected into H441 cells. 
Cells were treated with all trans- or 9-c/s-RA (10~ 5 to 
10" 9 M). Both all trans- and 9-c;'5-RA enhanced hSP-B- 
2240 activity (Fig. 1). Activation was observed at 10~ 8 
M of both 9-cis- and all trans-RA (—10% increase). 
Significant activation was observed at 10" 5 M as as- 
sessed by one-way ANOVA {P< 0.02). 

RA induced endogenous hSP-B mRNA in H441 cells. 
Because the transcriptional activity of the hSP-B pro- 
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Table 1 . Transcriptional stimulation of the hSP-B 
2.24-kb promoter by RAR/RXR and inhibition by GR 
in H441 cells 


Nuclear Receptor 
Plasmid 


Multiple 01 

O LlLILUlaLlUIi 


Study 1 


None 

-9-c/s-RA 

1.00 ±0.06 


+ 9-c/s-RA 

3.38 ±0.22* 

RAR-ot/RXR-7 

+9-c/s-RA 

6.89 ±0.17* 

RAR-3/RXR-7 

+ 9-c/s-RA 

8.13 + 0.15* 

RAR-7/RXR-7 

+9-C/S-RA 

5.42 ±0.27* 


Study 2 


None 

-Dex 

1.00 ±0.20 


+Dex 

0.75+0.15 

GR 

-Dex 

0.65 ±0.46 


+Dex 

0.37 ±0.045* 


Values are means ± SD; n - 3 experiments, each performed in 
triplicate. Human pulmonary adenocarcinoma (H441) cells were 
cotransfected with human surfactant protein (hSP) B 2.4-kb lucifer- 
ase reporter vector and retinoic acid (RA)-receptor/retinoid X- 
receptor (RAR/RXR) or glucocorticoid-receptor (GR) expression plas- 
mids. Transfected cells were treated with 1 0 jiM 9-c/s-RA or 50 nM 
dexamethasone (Dex). Luciferase activity was measured 48 h later. 
Activity of hSP-B 2.4-kb luciferase reporter vector without 9-cis-RA 
treatment in absence of RAR/RXR cotransfection was defined as I for 
multiple of stimulation. Activity is measured in light units of optical 
density of p-galactosidase. * Significant stimulatory effect of 9-c/s-RA 
and RARs/RXR-7 and significant inhibitory effect of Dex and GR on 
hSP-B 2.24-kb promoter, P< 0.02 by ANOVA. 


of the GR in SP-B gene regulation in H441 cells, a GR 
expression plasmid was cotransfected with the hSP-B- 
2240 luciferase reporter construct (Table 1). In the 
absence of a GR, dexamethasone (50 nM) slightly 
decreased the activity of the hSP-B-2240 luciferase 
reporter gene. Cotransfection with a GR also slightly 
decreased the activity of the hSP-B-2240 luciferase 
reporter gene in the absence of dexamethasone. Surpris- 
ingly cotransfection with a GR in the presence of 
dexamethasone significantly repressed luciferase activ- 
ity of the hSP-B-2240 from 100 ± 20 to 37 ± 4.5% of 
luciferase activity (P< 0.02 by one-way ANOVA). 

Identification of RAREs on the hSP-B promoter. In 
the region of -500 to -218 of the hSP-B promoter, a 
sequence (-440 to -415) resembling a direct repetition of 
RARE (core motif, A/GGG/TTCA) was identified (Fig. 4/1). 


( ~ 440) C CAGGGCTTGC CC TGGGTTAA GAGCC t -415 ) 


-500 


^ hSP-B 500 


+1 


3 hSP-B 375 


-375 


moter was stimulated by RA, the effects of RA on the 
expression of endogenous hSP-B mRNA were assessed 
by RT-PCR (Fig. 2). H441 cells were treated with 
9-c/s-RA (10~ 5 M) for 0 and 28 h. Total RNAs were 
extracted from cells, reverse transcribed, and amplified 
by PCR with an hSP-B -specific primer pair, with a 
GAPDH-specific primer pair as a control. After 28 h of 
exposure to 9-cis-RA, SP-B mRNA was significantly 
increased (P < 0.02 by paired r-test). No significant 
stimulation was observed in GAPDH mRNA (P> 0.15). 
The H441 cells were also treated with dexamethasone 
(50 nM). SP-B mRNA increased 30- to 50-fold after 28 h 
of treatment (data not shown) , consistent with previous 
observations (28). 

Increased proSP-B staining after treatmen t with 9-cis- 
RA. H441 cells were treated for 48 h with 9-c/s-RA (10" 5 
M) and immunohistochemically stained with anti- 
human proSP-B polyclonal antibody. Intracellular 
proSP-B staining of H441 cells was increased by 9-c/s- 
RA (Fig. 3). 

RAR/RXR activation of the hSP-B promoter. To as- 
sess the effects of RAR on hSP-B promoter activity, 
three forms of human RAR (a, 0, and 7)-RXR--v expres- 
sion plasmids were cotransfected with the hSP-B-2240 
luciferase reporter construct into H441 cells. Cotrans- 
fection of RAR-a/RXR-7, RAR-p/RXR-7, and RAR-7/ 
RXR-7 into H441 cells further increased hSP-B 2.24-kb 
promoter activity, resulting in a seven- to ninefold 
induction after treatment with 9-c/s-RA (P < 0.05 by 
one-way ANOVA; Table 1). 

Glucocorticoids are known to enhance SP-B mRNA in 
vivo and in H441 cells. To determine the potential role 
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Fig. 4. Identification of RA response element (RARE) on hSP-B 
promoters. A: schematic illustration of hSP-B-500, hSP-B-375, and 
nucleotide sequence (Ba-wt) from -415 to -440. Underlined se- 
quences resemble direct repetition of RARE. B. electro phoretic 
mobility shift assay of purified RA receptor (RAR)-7-glutathione 
S-transferase protein with a nucleotide oligomer corresponding to 
-415 to -440 of hSP-B promoter. Antibody (Ab) recognizing RAR-7 
was included to supershift DNA-protein complexes. Arrows indicate 
DN A- protein complexes. C: H441 cells were transfected with hSP-B- 
500 or hSP-B-375 luciferase reporter vector, treated with 9-c/s-RA 
(10~ 5 M), and cotransfected withRAR-a/retinoid X receptor (RXRH. + , 
Presence; -, absence. Luciferase activity was measured 48 h after 
treatment. Activity without RA treatment was defined as 1. Activities 
were measured in light units of OD of 3-galactosidase. Values are 
means ± SD; n ~ 3 experiments, each performed in triplicate. 
ANOVA showed significant stimulatory effect of 9-cis-RA and RAR-a/ 
RXR-7 on hSP-B-500, P< 0.02. 
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This oligonucleotide, Ba-wt (-4 15 to -440), was synthe- 
sized and incubated with the purified RAR-7-GST 
fusion protein. Interestingly, three specific RARE- 
RAR-7 complexes were detected by EMS A, and an 
antibody recognizing RAR-7 supershifted all three com- 
plexes (Fig. 4B). In the promoter deletion studies, 
activity of a hSP-B promoter (hSP-B-500) containing 
this RARE was significantly enhanced by cotransfec- 
tion with RAR-a/RXR-7 and 9-c/s-RA treatment as 
assessed by lucif erase reporter assay and one-way 
ANOVA {P < 0.02). A promoter construct (hSP-B-375) 
lacking the RARE sequence was completely unrespon- 
sive to RAR-a/RXR-7 and 9-cfe-RA stimulation (Fig. 4C). 

Immunohistochemical detection of RAR and RXR 
proteins in H441 and HeLa cells. Immunohistochemical 
staining of H441 cells was performed with distinct 
antibodies recognizing the a, |3 ( and 7 iso types of RAR 
and RXR. RAR-a and -7 and RXR-a were detected in 


the nuclei of H441 cells (Fig. 5A), whereas RAR-(3 and 
RXR-p and -7 were not detected. In contrast, HeLa cells 
were stained by antibodies recognizing RAR-a and -7 
and all three forms of the RXR isotype (Fig. 5B). In both 
HeLa and H441 cells, RAR and RXR staining was 
stronger in the nuclei than in the cytoplasm. Although 
RAR-p was not detected in either H441 or HeLa cells, 
RAR-P was readily detected after transfection with the 
hRAR-p expression plasmid in both cell lines. 

9-cis~RA stimulates the activity of the mSP-B pro- 
moter in MLE-15 cells. The effect of RA on the reporter 
construct consisting of the mSP-B-1797 (5) was tested 
in MLE-15 cells. 9-cjs-RA (10" 5 M) activated the mSP-B- 
CAT 1797-bp reporter construct to a similar extent as 
the hSP-B 2240 construct (P < 0.02 by paired f-test; 
Fig- 6). 

9-cis-RA does not alter hTTF-1 promoter activity in 
H441 cells. SP-B gene transcription is strongly influ- 
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Fig. 5. Immunohistochemical staining of RARs and RXRs in H441 (A) and HeLa (B) cells. H441 and HeLa cells 
were immunostained with rabbit polyclonal antibodies against RAR-a, -(3, and -7 and RXR-a, -p, and -7. As a 
positive control for RAR-p protein, H441 and HeLa cells were transfected with RAR-p expression vector for 2 days 
and immunostained with rabbit RAR-p polyclonal antibody 
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enced by TTF-1. Previously irnmunohistochernical and 
in situ hybridization studies (13,17) demonstrated that 
TTF-1 expression was colocalized with SP-B in both 
human and mouse lungs. TTF-1 is also expressed in 
H441 and MLE-15 cells where it regulates SP-B gene 
transcription. To test the possibility that the effects of 
RA on SP-B expression were mediated by changes in 
TTF-1 gene transcription, the effect of RA on the 
activity of the human TTF-1 promoter region 1-1,700 
bp was assessed. Cotransfection of RAR/RXR and GR 
had no effect on the hTTF-1 1.7-kb construct in the 
presence or absence of RA and dexamethasone [P > 0. 1 
by paired f-test; Fig. 7). 

DISCUSSION 

In the present work, 9-c/s-RA stimulated the tran- 
scriptional activity of hSP-B and mSP-B gene promot- 
ers in both human H441 and mouse MLE-15 cell lines. 
The observation that relatively high doses of RA were 
required for hSP-B promoter activation is consistent 
with a previous study (2 5) regarding the effects of RA on 
SP-B mRNA expression in cultured human fetal lung 
explants. 9-c/s-RA also significantly enhanced endog- 
enous SP-B mRNA expression and SP-B protein accu- 
mulation in H441 cells (Figs. 2 and 3). The present 
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Fig. 6. RA stimulates murine (m) SP-B 1797 promoter activity. 
Murine MLE-15 cells were transfected with mSP-B-CAT 1797 re- 
porter vector and followed by treatment with 10~ 5 M 9-cfe-RA. 
Chloramphenicol transferase (CAT) activity was measured 48 h after 
treatment. Relative CAT activity is expressed compared with promo- 
torless pBLCAT6 construct activity after normalization to {3-galacto- 
sidase activity to correct for trans fection efficiency. Values are means ± 
SD; n = 3 experiments, each performed in triplicate. ANOVA showed 
a significant stimulatory effect of 9-c/s-RA on mSP-B 1797 promoter, 
F<0.05. 
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Fig. 7. Effect of RA and RARs/RXR-7 on thyroid transcription factor 
(TTF)-1 promoter. H441 cells were cotransfected with human TTF-1 
1.7-kb luciferase reporter vector and RARs/RXR-^ or glucocorticoid- 
receptor expression plasmids. Transfected cells were treated with 10 
uM 9-cis-RA or 50 nM dexamethasone. Luciferase activity was 
measured 48 h later. Activity of hTTF-1 1.7-kb luciferase reporter 
vector without 9-cXs-RA treatment in absence of RARs/RXR-7 cotrans- 
fection was defined as 1 . Activities were measured in light units of OD 
of 0-galactosidase. Values are means ± SD; n = 3 experiments; each 
assay was performed in triplicate. ANOVA showed no significant 
stimulatory effect of 9-cis-RA, RARs/RAR-7, and GR on human TTF-1 
1 .7-kb promoter, P > 0. 1 . 

study also demonstrated that cotransfection of all three 
RAR isotypes in combination with RXR further en- 
hanced RA treatment-dependent transactivation on the 
hSP-B promoter, supporting the concept that the effects 
of RA are mediated by RAR/RXR activation of the SP-B 
promoter. Detection of RAR (a and 7) and RXR (a) 
expression in H441 cells and the developing respiratory 
epithelium in vivo also supports their potential roles in 
the regulation of respiratory epithelial cell gene expres- 
sion. 

The observation that RA enhanced SP-B mRNA and 
protein expression in H441 cells is consistent with 
previous findings from a study (25) of a human fetal 
lung explant culture. The RA-dependent induction in 
SP-B mRNA and protein is likely to be mediated, at 
least in part, by direct interaction of RAR with the SP-B 
gene promoter to enhance SP-B gene transcription. An 
RARE mediating the effects of RA on SP-B transcrip- 
tion was localized in the region -415 to -440 on the 
hSP-B promoter by EMSA. Deletion of this RARE 
resulted in loss of RA stimulation in the transient 
transfection studies, supporting the concept that RA 
and RAR/RXR heterodimers exert their effects directly 
on the hSP-B promoter. Although both TTF-1 and 
HNF-33 stimulate the hSP-B promoter, TTF-1 had a 
much stronger stimulatory effect (six- to sevenfold) on 
the hSP-B promoter than HNF-33 (around twofold 
stimulation) (42). The potential RAR sites were in close 
proximity to the distal TTF-1 clustered sites (40). We 
therefore tested whether RA enhances TTF- 1 transcrip- 
tion, which would be more likely to enhance SP-B 
transcription than HNF-3(B, which is much less active 
on the SP-B promoter. In contrast, cotransfection of 
RAR/RXR with the TTF-1 promoter construct did not 
alter its activity, although it remains possible that RA 
may alter TTF-1 expression or activity by other mecha- 
nisms. For example, a recent study (16) demonstrated 
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that the nuclear localization of TTF-1 and HNF-3p was 
affected by phorbol ester. 

The distribution of RARs in developing fetal mouse 
lung was determined by in situ hybridization (9). 
Although RAR-0 was expressed in the epithelium of 
proximal bronchi in day 14.5 postconception embryos, 
RAR-a and -7 mRNAs were expressed homogeneously, 
even though weakly, in lung tissue (9). The critical roles 
of RAR-s in lung organogenesis were revealed by RAR 
gene double-knockout mice (23). In these mice, both the 
right and left lungs were either absent or markedly 
hypoplastic, indicating that RARs are required for 
normal lung formation. H441 cells share many features 
with bronchiolar respiratory epithelial cells from the 
distal conducting airway. The presence of RAR-a and -7 
and RXR-a in H441 cells is consistant with their origin 
from distal respiratory epithelium and suggests their 
possible roles in bronchiolar cell differentiation and 
cell-type lineage maintenance. 

Analysis of the GR-deficient mice revealed that a GR 
is required for lung maturation and perinatal survival 
(8). The GR-deficient mice die after birth of respiratory 
failure that is caused by a lack of inflation of the lung. 
However, SPs, including SP-B, are detected in the lung 
from the GR-deficient animals. In a previous study (28), 
dexamethasone stimulated SP-B mRNA and protein in 
H441 cells mediated by increasing SP-B mRNA stability. 
It has also been reported that dexamethasone stimulated 
SP-B transcription, although it remains unclear whether 
the effects of glucocorticoids are mediated directly by 
interaction of a GR with the SP-B promoter (1, 2, 10, 
34). In the present study, dexamethasone repressed 
hSP-B-2240 transcription when cotransfected with a 
GR in H441 cells (Table 1). Thus the hSP-B-2240 region 
does not mediate the stimulatory effects of dexametha- 
sone on SP-B expression in the H441 cell line. 

RA plays a critical role both in lung organogenesis 
and in postnatal alveolarization (20, 21). All trans-RA 
caused a 50% increase in the number of alveoli in 
postnatal rats (20). Treatment of dexamethasone inhib- 
ited the formation of alveoli. Treatment with RA pre- 
vented the inhibitory effects of dexamethasone on 
alveolarization (20). RA also reversed elastase-induced 
pulmonary emphysema in adult rats, consistent with 
the potential roles of RA in the growth and differentia- 
tion of lung parenchyma. 

In summary, the present study demonstrates a direct 
stimulatory effect of RA and RAR/RXR on SP-B gene 
transcription. RA and RAR/RXR increased SP-B gene 
transcription, mRNA accumulation, and SP-B synthe- 
sis in vitro. 
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Inhibition of hSP-B promoter in respiratory epithelial cells by 
a dominant negative retinoic acid receptor. Am. J. Physiol 
276 (Lung Cell Mol. Physiol 20): L398-L404, 1999.— 
Retinoic acid (RA) receptors (RARs) belong to the nuclear 
hormone receptor superfamily and play important roles in 
lung differentiation, growth, and gene regulation. Surfactant 
protein (SP) B is a small hydrophobic protein synthesized and 
secreted by respiratory epithelial cells in the lung. Expression 
of the SP-B gene is modulated at the transcriptional and 
pos (transcriptional levels. In the present work, immunohisto- 
chemical staining revealed that RAR-ot is present on day 14.5 
of gestation in the fetal mouse lung. To assess whether RAR is 
required for SP-B gene transcription, a dominant negative 
mutant human (h) RAR-a 403 was generated. The hRAR- 
ot403 mutant was transcribed and translated into the trun- 
cated protein product by reticulocyte lysate in vitro. The 
mutant retained DNA binding activity in the presence of 
retinoid X receptor-7 to an RA response element in the hSP-B 
promoter. When transiently transfected into pulmonary adeno- 
carcinoma epithelial cells (H441 cells), the mutant hRAR- 
ce403 was readily detected in the cell nucleus. Cotransfection 
of the mutant hRAR-a403 repressed activity of the hSP-B 
promoter and inhibited RA -induced surfactant proprotein B 
production in H441 cells, supporting the concept that RAR is 
required foe hSP-B gene transcription in vitro. 

human surfactant protein B; lung development; nuclear 
receptors 


surfactant PROTEIN (SP) B is a 79-amino acid amphi- 
pathic peptide produced by the proteolytic cleavage of 
surfactant proprotein (proSP) B in type II epithelial 
cells in the alveoli of the lung. The SP-B peptide is 
stored in lamellar bodies and secreted with phospholip- 
ids into the airway lumen. The function of SP-B is to 
stabilize the surfactant membrane layer and facilitate 
the spreading of phospholipids, preventing collapse 
during the respiratory cycle. SP-B is an essential 
component of surfactant and is required for postnatal 
respiratory adaptation (43). Mutations in the SP-B 
gene in both humans and mice cause respiratory failure 
after birth (8,29,30). 

It has been well established that retinoic acid (RA) 
receptors (RARs) play critical roles in proliferation, 
differentiation, and apoptosis in a variety of epithelial 
cells. Recently, RAR-a and -7 and retinoid X receptor 
(RXR)-a were detected in the H441 cell line, which is 
derived from pulmonary adenocarcinoma epithelial 
cells. In H441 cells, RA and RARs stimulated SP-B 
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promoter activity, mRNA accumulation, and protein 
production (12 r 13, 45). Increases in SP-B mRNA and 
protein accumulation in fetal lung explants have also 
been observed (2, 28). RA stimulation of the human (h) 
SP-B gene is mediated through direct binding of the 
RAR/RXR heterodimer to the SP-B promoter (45). The 
region between -375 to -500 bp of the hSP-B promoter 
was identified as the responsible sequence for RAR 
binding and transactivation (45). 

Lung development is dependent on expression of 
RARs (1 0, 26). RAR-a, -0, and -7 belong to the superfam- 
ily of nuclear receptors. They form heterodimers with 
the RXR, bind to the RA response element (RARE) on 
promoter regions of target genes, and exert stimulatory 
effects after binding to their ligand RAs (19, 21, 22). 
Expression of all three isotypes of RAR was previously 
detected in the developing lung by in situ hybridization 
or RT-PCR in the mouse and rat (10, 25). RAR-a and -0 
null mutant mice died in utero and had severely 
hypoplastic lungs (26). Lung organogenesis is depen- 
dent on interactions between mesenchymal and epithe- 
lial cells. Several studies (3, 6, 28) in lung buds 
indicated that lung branching morphogenesis and dif- 
ferentiation were strongly influenced by RA in vitro. 
Recent studies (23, 24) demonstrated that RA also 
influences alveolarization. Treatment of rats with, all 
trans-RA increased the number of alveoli and reversed 
an alveolar disorder caused by elastase-induced pulmo- 
nary emphysema in animals (23, 24). 

RARs consist of a DNA binding domain that contains 
Zn 2+ finger motifs, ligand binding and dimerization 
domains, a ligand-independent transcriptional activa- 
tion (AF-1) domain, a ligand-dependent transcriptional 
activation (AF-2) domain, and an F region (19, 21, 22). 
Through these various domains, RARs interact with 
other transcriptional and signaling cofactors. including 
pl60/SRC-I/TIF-II/Rac-III, CBP/p300, AP-1, TFIIH, and 
TAF„135 (7, 15, 16, 18, 27, 31, 35, 39, 42). Through 
structure-function studies, dominant negative mutants 
of RARs have been developed and characterized (9, 11). 
Removal of the COOH-terminal AF-2 domain of RARs 
yields dominant negative mutant receptors in cultured 
animal cells. The integrity of both the DNA binding and 
heterodimerization functions of RARs is required for 
the dominant negative effect. The dominant negative 
mutant of RAR-a blocks wild-type RAR function and 
has been successfully used in transgenic mice (17). 

To further elucidate the biological functions and 
mechanism of RAR-a in the regulation of hSP-B gene 
expression, a dominant negative mutant, hRAR-a403, 
was generated and expressed in H441 cells with a 
mammalian cell expression vector. This was based on 
an observation that RAR-a was detected on day 14.5 of 
gestation in the fetal mouse lung. The mutant RAR-a 
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protein was expressed in H441 cells and localized to the 
nucleus. The mutant hRAR-a403 protein retained DNA 
binding activity on the RARE of the hSP-B promoter. 
Cotransfection of the mutant hRAR-oe403 strongly inhib- 
ited transcription of the hSP-B promoter by luciferase 
reporter assay and proSP-B production in H441 cells. 

METHODS AND MATERIALS 

Cell culture. Human pulmonary adenocarcinoma (H44I) 
cells were cultured in RPMI 1640 medium (GIBCO. BRL, 
Grand Island, NY) supplemented with 10% fetal calf serum, 
glu famine, and penicillin-streptomycin. Cells were main- 
tained at 37 °C in 5% C0 2 -air and passaged weekly. 

Plasmid constructs. The hSP-B 500-bp promoter (hSP-B-500) 
was made as previously described (46). hRAR-a!03-FLAG was 
generated by PCR with synthetic oligonucleotide primers, with 
an hRAR-a/pSG5 construct as a template (kindly provided by 
Dr. Pierre Chambon, Institut de Genet i que et de Biologie 
Moleculaire et Celiulaire, Strassbourg, France). The up- 
stream primer with the EcoR I site and the Kozak sequence 
was 5 '-GCGGAATTCGCCACCATGGCCAGCAAC AGCAGCTCC- 
3'. The downstream primer with the Xba I site and the FLAG 
sequence (underlined) was 5 ' -CTCG CTCTAG ATTATC A- 
CTTGTCATCGTCGTCCTTGTAGTC CGGGATCTCCATCTT- 
CAGCGT-3'. The PCR products were digested with EcoR I 
and Xba I restriction enzymes and ligated with EcoR l-Xba 
I -digested PCR3.0 luciferase reporter plasmid that contains 
the cytomegalovirus (CMV) promoter (Invitrogen, Carlsbad, 
CA). The correctness of hRAR-<x403-FLAG/PCR3.0 was con- 
firmed by DNA sequencing. hRAR-ot462-FLAG/PCR was gen- 
erated the same way except that the downstream primer was 
5 f ■CTCGCTCTAGATrATCA CITGTCATCGTCGTCCTTGTA - 
GTCCGGGGAGTGGGTGGCCGGGCT-3'. Ail primers were 
made byGIBCO BRL. 

In vitro transcription, translation, and Western blot analy- 
sis. hRAR-a403-FLAG/PCR3.0 and hRAR-a462-FLAG/PCR3.0 
were transcribed and translated with the TnT T7 Quick 
Coupled Transcription/Translation System (Promega, Madi- 
son, WI) at 30X for 90 min. As a positive control, thyroid 
transcription factor (TTF)-i-FLAG/PCR3.0 was also tran- 
scribed and translated. The negative control was the PCR3.0 
empty vector. The programmed products were separated on a 
10% polyacryiamide gel and subsequently transferred to a 
nitrocellulose membrane. Western blot analysis with an 
anti-FLAG monoclonal antibody was performed as described 
previously (14). 

Electrophoretic mobility shift assay. A previously described 
RARE oligo probe of the hSP-B promoter was used for an 
electrophoretic mobility shift assay (EMSA) study (45). In 
vitro transcribed and translated hRAR-«403 and hRXR-7 
proteins were incubated with the radiolabeled probe and 
separated by 4% nondenaturing gel as described previously 
(46) . Antibody recognizing RAR (5 ug; Santa Cruz Biotechnol- 
ogy, Santa Cruz, CA) was used for identifying the hRAR-a403/ 
I1RXR-7 complex in an EMSA study. 

Transient transfection and luciferase assays. Cotransfec- 
tion of hRAR-ot403-FLAG with hSP-B-500 and a luciferase 
assay were performed in H441 cells as previously described 
(45, 47). The pCMV-0-Gal plasmid was cotransfected for 
normalizing transfection efficiency. Each experiment was 
repeated at least three times. Significance of the inhibitory 
effects of hRAR-c*403-FLAG was determined by one-way 
AN OVA with the SigmaStat program. 

Immunohistocheinistry and immuno fluorescent staining. 
Immunohistochemical staining of H441 cells transfected with 
hRAR-o403-FLAG/PCR3.0. hRAR-a462-FLAG/PCR3.0, and 


TTF-1-FLAG/PCR3.0 with the anti-FLAG antibody (Kodak, 
New Haven, CT) was performed as previously described (45). 
In the control cells, no specific antibody was added. Immuno- 
fluorescent staining of H441 cells transfected without and 
with hRAR-a403-FLAG/PCR3.0 was performed as previously 
described (14). Expression of hRAR-ot403-FLAG/PCR3.0 was 
detected with the anti-FLAG antibody and Texas Red- 
conjugated goat anti -rabbit secondary IgG (Jackson Immu- 
noResearch Laboratories, West Grove, PA). Expression of 
proSP-B was detected with a proSP-B polyclonal antibody 
and FITC-conjugated goat anti-mouse IgG secondary IgG 
(Jackson ImmunoResearch Laboratories). All trans-RA was 
purchased from Sigma (St. Louis, MO). 

RESULTS 

Expression of RAR-oc in developing lung. We previ- 
ously detected RAR-a expression in respiratory epithe- 
lial H441 cells. To assess which isoforms of RAR are 
expressed in the developing lung, tissue sections from a 
fetal mouse lung on day 14. 5 of gestation were immuno- 
histochemically stained with an antibody recognizing 
RAR-a. Figure 1 shows staining of RAR-a in the 
epithelium of the developing mouse fetal lung by the 
anti-RAR-a polyclonal antibody. Based on this result, 
the a isotype of RAR was chosen to make a dominant 
negative mutant for further study of the hSP-B pro- 
moter. 

Construction of dominant negative hRAR-a403- 
FLAG. To test whether expression of a dominant nega- 
tive mutant of RAR-a inhibited the hSP-B promoter, 
the mutant hRAR-a403-FLAG and the wild-type 
hRARa462-FLAG were inserted into the mammalian 
expression vector PCR3.0 as illustrated in Fig. 2. The 
mutant contains the AF-1, DNA binding domain, and 
ligand binding and dimerization domains of hRAR-a 
but lacks the AF-2 and F domains. A Kozak sequence 
(ACCATGTCG) was included at the NH 2 terminus of 
hRAR-a403 and hRAR-a462 to enhance the efficiency 
of translation. A FLAG sequence was included at the 
COOH terminus of hRAR-a403 and hRAR-a462 and 



Fig. 1. Retinoic acid (RA) receptor (RAR)-a protein expression in day 
14,5 developing lung. Tissue sections from a fetal mouse lung on day 
14.5 of gestation were immunohistocheinically stained with an 
antibody recognizing RAR-a {A) . Arrows, stained ceils in developing 
fetal lung epithelium. Control tissue section was stained without 
RAR-a antibody {B). 
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Fig. 2. Construction of human (h) RAR-a403-FLAG/PCR3.0 and 
hRAR-«403-FLAG/PCR3.0. Full-length hRAR-«462 and dominant 
negative hRAR-a403 lacking ligand-dependent transcriptional activa- 
tion domain (AF-2) were isolated by PCR and inserted into mamma- 
lian cell expression vector PCR3.0. A Kozak sequence was included at 
the NH 2 terminus, and a FLAG sequence was included at the COOH 
terminus of hRAR-o403 and hRAR-ct462. AF-1, ligand-Independent 
transcriptional activation domain; DBD, DNA binding domain; LBD/ 
dimerization, ligand binding and dimerization domains; F, F domain. 
Nos. above bars, no. of bp. 


was used to distinguish the mutant receptor from 
endogenous RAR-a. 

Expression of hRAR-ot403-FLA G and hRAR-a462- 
FLAG in vitro. To test whether the hRAR-a403-FLAG/ 
PCR3.0 and the wild-type hRAR-a462-FLAG/PCR3.0 
vectors generated protein products of correct sizes, the 
constructs were transcribed and translated in vitro in 
the rabbit reticulocyte lysate system. The products of 
the programmed lysates were separated on a 10% 
polyacrylamide gel and analyzed by Western blot with 
the anti-FLAG antibody. Both the full-length hRAR- 
or462-FLAG and the short-form hRAR-ot403-FLAG were 
produced in the reticulocyte lysate system (Fig. 3). 
Because TTF- 1 -FLAG/PCR3 . 0 was weil characterized 
previously (14), it was also transcribed and translated 
in virro as a positive control. In the negative control, the 
reticulocyte lysate revealed no FLAG fusion protein. 

Expression of hRAR-cc403-FLAG in H441 cells. Ex- 
pression of the hRAR-a403-FLAG and hRAR-a462- 
FLAG vectors in H441 cells was assessed. The con- 
structs hRAR-a403-FLAG/PCR3.0\ hRAR-a462-FLAG/ 
PCR3.0, and TTF-1-FLAG/PCR3.0 (positive control) 
were transiently transfected into H441 cells. Immuno- 
histochemical analysis with an anti-FLAG antibody 
revealed strong nuclear staining of the FLAG epitope 
for all three constructs (Fig. 4). Deletion of the AF-2 and 
F domains did not change hRAR-a403 expression and 
nuclear localization in H441 cells. Untransfected H441 
cells did not stain with the anti-FLAG antibody. 

DNA binding activity of hRAR-a403-FLAG on RARE 
of the hSP-B promoter. Next, in vitro transcribed and 
translated hRAR-a462-FLAG and hRAR-a403-FLAG 
fusion proteins were assessed for their DNA binding 
activities. As shown in Fig. 5, hRAR-ot462-FLAG, hRAR- 
a403-FLAG ( or hRXR-7-FLAG fusion protein alone did 
not form DNA-protein complexes with RARE of the 
hSP-B promoter. This is due to their low DNA binding 
affinity. Yan et al. (45) previously reported that when 
higher concentrations of purified bacteria-expressed 
hRAR-7-glutathiorie S- transferase (GST) fusion pro- 
tein were used, interaction between hRAR-7-GST and 
RARE was observed. In contrast, formation of hRAR- 
c*462-FLAG/hRXR-7-FLAG and hRAR-a403-FLAG/ 


hRXR-7-FLAG heterodimers with high DNA binding 
affinity generated detectable DNA-protein complexes 
with RARE (Fig. 5). Binding of hRAR-a 462 -FLAG/ 
hRXR-7-FLAG and hRAR-a403-FLAG/hRXR-7-FLAG 
complexes with RARE was blocked by the anti-RAR 
antibody. This is probably due to interference of the 
RAR antibody with either DNA binding or dimerization 
of the hRAR-a403-FLAG/hRXR-7 or hRAR-a462-FLAG/ 
hRXR-7 heterodimer. Thus, like the wild-type hRAR-a 
in the presence of hRXR, the mutant hRAR-a403 
retained DNA binding activity on RARE of the hSP-B 
promoter. Nonspecific bands obsei*ved in EMSA, which 
did not contain the hRAR-a462-FLAG and hRAR-a403- 
FLAG fusion proteins, were also detected in the control 
samples (PCR3.0 empty vector). Nonspecific bands 
were not changed by the RAR antibody. 

Inhibitory effect of hRAR-a403-FLA G on the hSP-B 
promoter in H441 cells. Cotransfection of hRAR-a403- 
FLAG/PCR3.0 with the hSP-B-500 luciferase reporter 
gene into .H441 cells demonstrated that the mutant 
hRAR-a strongly inhibited luciferase reporter activity 
(Fig. 6). In contrast, the wild-type hRAR-a stimulated 
the hSP-B luciferase reporter gene (45). The inhibitory 
effects of the mutant hRAR-a403 on all trans-RA- 
treated and untreated hSP-B-500 were dose dependent. 
Interestingly the mutant hRAR-a did not completely 
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Fig. 3. In vitro transcripUon and translation of hRAR-a4 62-FLAG 
and hRAR-u403-FLAG. Mammalian expression vectors hRAR-u462- 
FLAG/PCR3.0 and hRAR-a403-FLAG/PCR3.0 were transcribed and 
translated in vitro by rabbit reticulocyte lysate system. Synthesized 
products were electrophoresed and analyzed by Western blot with 
anti-FLAG antibody. Thyroid transcription factor (TTF) -1 -FLAG/ 
PCR3.0 was used as a positive control. Size of each synthesized 
protein was matched well to anUcipated molecular mass (nos. at 
left X 10). Empty PCR3.0 was used as a negative control. 



DOMINANT NEGATIVE RAR INHIBITS hSP-B GENE TRANSCRIPTION 


L401 




Fig. 4. Immunohistochemical staining of hRAR-a462 and hRAR- 
a403 in H441 cells. H441 cells were transfected with empty plasmid 
PCR3.0 (A), TTF- 1 -FL AG/PCR3 . 0 (B), hRAR-«462-FLAG/PCR3.0 
(Q, and hRAR-a 403-FLAG/PCR3.0 (D) for 48 h. Transfected cells 
were immunostained with anti-FLAG monoclonal antibody. Cells 
transfected with hRAR-a and TTF-i FLAG fusion protein constructs 
were immunostained in the nucleus. 


abolish the hSP-B-500 activity. The residual activity of 
the hSP-B-500 seen in the presence of the mutant 
hRAR-a was similar to that of the basal activity of the 
hSP-B 218-bp promoter luciferase reporter gene, sug- 
gesting that RAR is not required for basal transcription 
activity of the hSP-B promoter. Therefore, RAR stimu- 
lates the hSP-B promoter through RARE located in the 
upstream enhancer region as previously identified (46). 
All trans-RA significantly reversed some of the inhibi- 
tory effect of hRAR-a403. This was probably due to the 
activation of endogenous RAR. Treatment with 9-c/s- 
RA had the same reversal effect as all trans-RA (data 
not shown). 

Inhibitory effect of hRAR-<x 403-FLA G on RA-induced 
proSP-B production in H441 cells. The effect of hRAR- 
ot403-FLAG on proSP-B was also examined in H441 
cells with double immunofluorescence staining analy- 
sis. All trans-RA strongly stimulated proSP-B synthesis 
in H441 cells as detected by a proSP-B polyclonal 
antibody (Fig. 7 A), in agreement with previous observa- 
tions that 9-ci5-RA stimulated proSP-B staining in 
H441 cells (45). This is also in agreement with the 
observation that both all trans-RA and 9-c/s^RA signifi- 
cantly increased SP-B protein levels in human fetal 
lung explants (13). When cells were transfected with 
hRAR-a403-FLAG as detected by a FLAG monoclonal 
antibody, no stimulation of proSP-B by all trans-RA was 
observed in transfected cells (Fig. 7, Band Q. 
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Fig. 5. ElectrophoreUc mobility shift assay (EMSA) study of hRAR-a403-FLAG with RA response element (RARE) 
of human surfactant protein (hSP)-B promoter. In vitro transcribed and translated hRAR-a462-FLAG (A), 
hRAR-a403-FL,AG {B), and human retinoid X receptor (RXR)- 7 -FLAG fusion proteins were incubated with 
radiolabeled hSP-B RARE in absence (-) and presence (+) of RAR antibody (Ab). Controls include in vitro 
transcribed and translated proteins from parent PRC3.0 empty vector. There were several nonspecific bands 
present in all lanes including control (PCR3.0). Specific bands were detected in hRAR-a462-FLAG/hRXR- 7 -FLAG 
and hRAR-a403-FLAG/hRXR7-FLAG lanes, which were blocked by RAR Ab 
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\ Fig. 6. hRAR-tx403-FLAG inhibitory effect on hSP-B 500-bp pro- 
; moter fragment (hSP-B-500). H441 cells were cotransfected with 
; various concentrations of hRAR-a403-FLAG/PCR3.0 and 0.2 ug of 
hSP-B-500 lucif erase reporter vector. Lucif erase activity was mea- 
sured 48 h after treatment. hSP-B-500 activity without hRAR-a403- 
FLAG/PCR3.0 cotransfection was defined as 1 . Activities were mea- 
sured in light units/optical density of 3-galactosidase. Values are 
means ± SD; n - 3 experiments. ANOVA analysis showed significant 
inhibitory effect {P < 0.05). Significant difference from untreated 
samples: *r< 0.01; *V< 0.025 (both by ANOVA). 

DISCUSSION 

SP-B mRNA is expressed selectively in bronchiolar 
and alveolar cells, and its expression is influenced at 
both the transcriptional and posttranscriptional levels 
(1, 2, 4, 20, 32-34, 40, 41, 44, 46, 48). RA stimulates 
production of SP-B mRNA and increases transcrip- 
tional activity (3, 12, 13, 28, 45). Stimulatory effects of 
RA are mediated by direct DNA binding of liganded 
RAR/RXR to an RARE on the hSP-B promoter (45). One 
approach to elucidate the biochemical and physiologi- 
cal functions of RAR in the regulation of SP-B gene 
transcription and homeostasis is to utilize dominant 
negative RAR derivatives. To further support the no- 


tion that RAR is required for full activation of the SP-B 
promoter, a dominant negative hRAR-ot403-FLAG mu- 
tant was generated by deleting the RAR-a AF-2 domain 
(Fig. 2). The RAR-a dominant negative mutant was 
selected in the present study because immunohisto- 
chemical staining indicated expression of RAR-a in the 
fetal lung in vivo (Fig. 1) and in respiratory epithelial 
H441 cells in vitro (45). It is worthwhile to notice that 
only a certain population of progenitor epithelial cells 
was stained with the RAR-a antibody. This may imply 
that this group of progenitor cells will have a different 
fate during lung differentiation from cells without 
RAR-a expression. 

The AF-2 domain of RAR is a ligand -dependent 
transactivation domain located in the COOH-terminal 
part of RAR. The AF-2 domain is highly conserved in 
many members of the nuclear receptor family and is 
indispensable for the ligand -mediated function. This 
conserved domain can be swapped between nuclear 
receptors without affecting the ligand dependency for 
transactivation (19, 21, 22). The COOH terminus of the 
domain (AF-2 -AD) forms an amphipathic a-helical struc- 
ture (5). It is proposed that hydrophobic residues of the 
AF-2 -AD helix participate in ligand binding and that 
the charged residues of the AF-2-AD helix mediate 
protein-protein interactions with cofactors (see Ref . 1 6 
for a review). Point mutagenesis of the hydrophobic or 
charged residues of this domain reduced its transactiva- 
tion activity (11). After binding to RARE on the target 
genes, RARs interact with many coactivators (7, 15, 16, 
18, 27, 31, 35, 39, 42). RARs and coactivators synergis- 
tically interact with each other to stimulate gene 
transcription. The AF-2 domain of RAR plays essential 
roles in mediating protein-protein interaction with 
coactivators. The present studies demonstrate that 
deletion of the AF-2 domain abrogated the hRAR-a 
stimulatory effect on the hSP-B promoter, suggesting 
that the AF-2 domain plays a critical role in activation 
of the hSP-B promoter in respiratory epithelial cells. 

RAR-a, -0, and -7 can be converted into potent 
dominant negative transcriptional regulators that block 
the wild-type RAR function by deletion of the AF-2 
domain and actively repress the basal transcription 
level of target promoters (9). Although deletion of AF-2 
domain abrogated RAR transactivation activity of the 
hSP-B promoter (Fig. 6), it did not alter DNA binding of 



Fig. 7. hR AR -u403-FLAG inhibitory effects of all trans -RA on surfactant proprotein (proSP) B. A: H441 cells were 
treated with 10~ 5 M all trans-RA. Cells were stained with proSP-B polyclonal antibody and Texas Red-conjugated 
goat anti-rabbit secondary IgG. N, nuclei. B: H441 cells were transfected with hRAR-a403-FLAG and treated with 
10 " 5 M all trans-RA. Expression of hRAR-a403-FLAG in the nuclei was detected with FLAG monoclonal antibody 
and FtTC-conjugated goat an ti -mo use. IgG secondary IgG. O. cells in B were stained with proSP-B polyclonal 
antibody and Texas Red-conjugated goat anti -rabbit secondary IgG. No RA-induced proSP-B production was 
detected in cells expressing hRAR-a403-FLAG protein. 
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RAR to RARE of the hSP-B promoter (Fig. 5). hRAR- 
«403 forms an inactive hRAR-a403/hRXR heterodimer 
that blocks formation of an active hRAR-a/hRXR het- 
erodimer to directly inhibit hSP-Bgene expression. The 
inhibitory effect of hRAR-a403 on the hSP-B promoter 
might also result from indirect effects. This is evi- 
denced by the observation than all trans-RA signifi- 
cantly reversed the inhibitory effect of hRAR-a403 on 
the hSP-B promoter. The mutant RAR-a protein was 
readily detected after transient transfection into H441 
cells by immunohistochernical staining (Fig. 4), suggest- 
ing its stability and appropriate translocation to the 
nucleus. 

The finding that the SP-B gene is a downstream 
target of RAR in pulmonary respiratory epithelial cells 
is important for understanding the metabolism and 
homeostasis of SP-B in prenatal and postnatal develop- 
ment of the lung. The function of .the newborn lung is 
dependent on the differentiation of respiratory epithe- 
lial cells and the synthesis and secretion of surfactant 
lipids and proteins into the air space. Pulmonary 
surfactant is composed of lipids and proteins that 
reduce surface tension at the air-liquid interface in the 
alveoli. SPs. including SP-A, SP-B, SP-C, and SP-D. are 
synthesized primarily by type II or bronchiolar epithe- 
lial cells and play critical roles in maintaining stability 
of the surfactant layer. Lack of pulmonary surfactant 
leads to alveolar collapse and epithelial cell lysis in 
respiratory distress syndrome, a major cause of morbid- 
ity and mortality in preterm infants. Bronchopulmo- 
nary dysplasia (BPD) is a chronic lung disease that 
often occurs in preterm infants as a result of prolonged 
and high inspired oxygen concentrations, barotrauma 
from mechanical ventilation, hyaline membrane dis- 
ease, and secondary infection with prolonged tracheal 
intubation. Studies (36-38) have shown that vitamin A 
supplementation from the early postnatal period could 
reduce the morbidity associated with BPD in preterm 
infants. Studies (45; present study) showed that the 
vitamin A derivatives RA and RAR stimulate SP-B 
gene and protein expression in pulmonary epithelial 
respiratory cells, supporting the recent findings (23, 24) 
that RA plays a critical role in postnatal alveolarization 
in vivo. 
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